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Preface

Inr March 1982 a SlAP Specalsts' Meeting on Advanced Castings took place at Brussels. After the vety surccestful mnecting
therevsaeneral eenintSPthatthe activiesin thisspecific fietA sthould beco=tinned

progress ir advanced castistg techoooy offecs on importnt contribution as catntg costs as military arcraft sttuctuces But
from the designespoint ofvithee estllne esrvatons and lack of confidececfor the brodappiaton ofcstngs.
'Thsprt% i h e ofethedaiabltofmc hatldata radvnced canisugnd first desigtsexperience ofcast structurat
comiponerns

Underethese aspecsthe Strcturesond Mateils Panel decded, n October 1983, to establish afolow-onu ctivity n the fors
ofa worbng groupto pepjarethe pubbcatiboa ndbook onAdanced Caog;.

In the "rcdg gop, spilists from foundrie rerhbratoresnd arcraftcormduselse l meetigs tocollect
nd review data of casting materials Mhilam fundarnienaltools for the desgnoengineer

The handbook cornptiocs mechnicaltdata ofestteals and infoons about foundresuality control and tesing methods, and
exniples of appication in structural comiponens. It should be of astistance to desgners ond possble users of advanced
castinsg& to get detailed tofoemadton about the potentit' of the rnitertals eising today ond the o .y to se thent profitably to
aircraft design uork.

(7-Gringe D~letracb
Caitn ofthe Woking Group Coordintor ofthe Working Group

9Lhi
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1. INTRODUCTION solid told and shtell prO mSaexcept for the formation of

bFORE"WORD te nmudBt aasmtaste
Iheri;ed lost tsla~ ears ldisrolt o cthe s)steut3 aonrscoould (either solid plasterhNockeeor lt)

deveopmnt n nimatrias bu alo-t thefurher removal of pattern with heat. poung msetal Into the cavity
developmoent of Oconom maals u n Pr'ocethes flike left by espeebte patten. reoval of ceraic mauterial

sbslpstt cofon anfcuttgpoese i from the e ast cluster, and cttisg of castings front the
*advanced cutio sdolog. Adsvances to costing settelsodeoudpors0ttol fsrdfr
technlogty could lead to increased ruse of castisgs for the oasemltr Tumhe si mtogd promse rsyp faresntslefo
emanufacture of vital aircraft compottents. wehich isn torn Sml ulr comle catig haigionam majrito
leadst edcedat counvse nt~ rastings produced. due to superiored tiemasoriat
castingsoaerfaouoraolectttessofcustoond wsghtuod offer control, ability to produce extremely large ports and
the Possilty of coosbining moto m& castiog a shole flexsiity of casting poram.etets alowing better rontrol of
numnher of tnatetiol-intesssis eactoosog and shtre-etal solidifcatson conditions,
pats vhiit %eer peslt oioed by setiogoat high cost TeI sihhpcutooonqcei
Mioreoer the peomes affords the dsignt ier grouter Th es begio 4shtepoicso f e-seh
freedom of degn.It shuldbreoted thtthefsgsot doposahlepattern This patnis suollyetodeby ijeting

he eudessjahlefoerosiog.te.the design shosuelud wa or plastic tnto a metal die (Figil1) 'Thes dies enuy
fosomaty shuldabe frcsin c the d sa possiler duo rtake from fully utomianeuut-eussly tooling (for volouse
component desetopusen. Only thus -Ill it he posssble to Productinofsmleeigens)tfrecmpe he

etahesaseususufot thosl'ooagesflhpeuena hassogeup to 600 sepatate block~s oustv uemghiegoas much usmakematumi us fal th adantges f te poms 2000 kg Figure 12 dtepicts dismanling of metal tooting
So farthe lock ofconfidence of design and strenrieers aftereinjection. toyseld theowaxpater.
in casting has stood to the msy of a mote wsdespeeit Ose of A etdpsheptertseruedfeacrsin

castogsfoeptiarystmtars, Ioseee.todp tereOre These disposahle patterns hose the esact geometry of the

ate cullies in this Hfadbook on W'Aocd lCastmg- to reqirted finished putt, bat they are made slightly larger, to
aid engineers in the applicatinof costsaing casting. compensate foe selumetrc shirntkoge (a) in the putterni

productsostageand (h)duningsolidificationuof retaltoi the

1 2 PRINCIPLE OF CASTNG PROCESSES eaitou.
*The casting ptocesses - sand casting (convenonal and The pattern carresm one or more gates vsfnch ate ustually
preessim) mnd Invstente costing - ore of significance for located at the heasiest casting ection Ihe gate hun three
aerospace construction, Depending on th~e respectise fanection
tehnieal or economic conditions for the indivitdual . to attach putterns to the riser or roaer. fotming a
components, either one or the othee proces wn he moore efOsten:
advantageous.

. to provide A passage far draiig out pattern material
Generally, the trend is noticeahle of sand casting oud os t melts spun fting;
investmnt csting processes enmytemnscoelg on anothert
and of buths processs dtrawing efosee to one aother. Fore to guide molten tl entering the meould coas ty en the
mtancerimiinestment castings are beconeeng ever bigger and eastng operation, and to ensure a Orund putt by

htaselhigher strengthsvalues dueto the masres dscrecdWin feesfing theecasting duig slidificotion,
1.2.1, whlereas sand castings can hose thinner walls and Patterns ate tastened by the gates to one or mere ronneen
closer tolerances by applying investet easting measures and further .ssembted to form a cluster Depending on
(eg. ceramic moulds) and refining sand casttng tecltniqses. pattern configiarution ansi casting metho used, the cluster
These trends will gronvwt stronsger inufuture wsi be consosesl of nunmerous runners, a central rise area.

1.2.1 Investmtent Coin poutrigcup nd doonspu (Pig 1.3l,
The Inestment casting proces. Figure 1. is a means of The cramteshiell moutd promstnssslsesdipping thcnire
ceating hughly rumples msetal structures offering thec dustcrinto aceramictlury. daingasuyeessesatnial
enigiee utmost unlimited desgn freedom Ipical then coating: tt with fine ceramic sand (Pigs L4 and 15)
ptoduetion rates of large complex components are in the After the dtyingor cenegol the shell coatthe psacclute es
order of 25-100 soils per msonth. with smatter castings repcsaemigasandagan~u'sngprngrcssitelycoarsrgrode
promlucednundredsorthoosndspemnt.Tescstng Of ceramec matenal. Until a self-supporting shell has been
process mates it possible to produce thin wolts typically of formed (Ptg 1.6) Speesatred industrial robots ore used
IS min wth dose tinlrance (±0.1 mm). Al present. almost eselussexly fot the shell building task to facktetute
companeuls of approsimutely 500 mm Xe 000 teem X 1200 clustee msanigpulation. eliminate puttern distortion and
met can be mmanlcetef the sire boing limited nol by the considerably reduce liear agting tnleroocequierment%
proemss ttself. but rather by the eisting emanufacturing Tecstdcutri hnpae nahg epntrfoettities Due to generally high mosld temperatures Thcotdlueritenpadinabgrmerue
required by the procss. dhghely Inferior mechanial furnaceor stcam autoclasesehere the pattern melts anderns
maltetal prespetiesmayboenepcred inscomparison to saod outlthrough the gatex. rnnetis and pour ing cup.Thislecawea
and premium casting. Unlfasvourable cooling condlitions of ceramicshlcnanncsteotoatnsoeeio
the raiogate bouner enhancesbycasting under cegative with passages leading to them (Pig li).
pressure or io sacuun. placement of eeali; (hills in the Thfe ceramic shell esoulds must be fired to horn out the last
ceramic rscsld, use of special purpose ceramic materials, taces, of pattern material and to furelicat the mtould in
forced all connection user mould sutface etc. i

preparation for casting (usually io the range 450-00*C)
The principles of usneelment castiog are similae for both liecuse shell moulds hose reflatively thsn nalls, they can be
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fooed aird ready to pica, shrortly after attaining tematre tre required propertie of m nodrg sand are
(witin '/, mn)(F'dependent upon binder type and amount. Because of

thre length of time, roquiroi to onstruct a mould for i

tiremonttumetal beat. as is cowmr nou d csrgorwith mould propeties after prolonged torag anddtmosds
the assistance ofs'actom. prmssure and/or menfugl force. flexible work. and srinp trmes is required Thes
Thi enables the invsotrment casitng foundry to rprodce cbaracteritics are displayed by an a] uretrhanre binder
the most intricate details and extremely thin walls of aa
original rwax or plastic pattern (Fig IS). b) Chullsftrral

Thre uncton of dulls in a mould is to promote
bldequpf~eftetptlcdcpetdinitiellY Pettit direrrulsouhdifictioooidprodoceancrslrsrture

ferrous alloys, gas fired or ceecnectsnable furnACes inm rotrfimneednteaes~racng(DAS),Thernloeucof
suall5 used, thedsrltacoligres relnd to thevlumetnebeat

After thre poured moulds hose coolied, tire ceraii mould eapacity of the drill mtrial Pine DAt (good
rratrialt is renosed from thre castring cluster, by high proerti) is dependent upon rapid solidification of
pressure water juts. mechanical ,ibrat-o and/or dhemircal the easm mata and is typically finest in tire areas
ccaiAg(Fig I 10).'tiecstnrg(s) is then removedi from the adjacent to the drill. Notrmally. drill mnaerials are of
dustrieby plasm torch or raw cirring, and ary remainming copper, imrt. alumsinium and graphite.
prolmuinus left by gales are removed by ginLding or In summary, investigations shoaned that the use ofchills
nsiia rgFig.tiI. is osseniat in easting alu mosum parts requirnggoodt

tire eastig is then ready for sconrdary operation,. beat properties To obtain maximum properties irs a east
treatng, straightenmng. nractrinrg and whratever inspetion partatrapid soidificair rate is requiredl This islbest

pattern fromwhruchilwnprodacedineverydetaileucept for coinductivity of copper. Ilnuesee, the cost of copper
the calculated shrinlage to pattern prestaclio and assia makesit economieally im'practrcat tonscitforaldrills
soinlrficarrort (Fig 1 12). Hmece a combinationt of copper dulls tn the heavy

(geater than 2-5 rm) sewions and aluminiums dulls to

1.2.2 SiandCastron thelightersectbos(5 to2S mm)maybeusedlorilucoe
Sand casing is a good outig procers for manufactuting costs,
large comples components. IHighi meca salnes can he Both types of dulls witl promote directional
reached withs dulls spectally placed in lire mould Sand sotidification and enhance the mecharnical propertics
easingecarthe dirided inno conventional and preium sand of the carting. Ilia configuration of lire drills roll he

castingdictated by lire shape of the area to he chiltesI, Proper
usc and porioniog of drills A. the mould will reduce

1 2.2.1 CooieofnaaSaid Crisii tire possibility of costing defects such at shrinkage.
Consentional sand casting. Figure 2, is tire cheapest %sting mismins, and cold shuts
pnoccssIt mate rit possible totmanufacture comonrents of
5000 Xc t300 Ic 1500 mm. 'The disairmage, is that, in c nueii~ieu
conryarise to other casting methods, large tolerance of Insulating Mmrils such as plaster, ceramic and
±0.3 mmn still exist and iniumthrcknertesof otiy2 5 mm fibrous matrial are used by the casting industry to
ore possible. Local machining or selective chemical coilling provide improved fluidity and/or dcrease the
offera cmedy tothis probrlems soliddfication rate of rrolten aluminium Thiese,

In conventional Sand cooting mroulds. cores and dulls am# mterals, arc commonly used to insulate risers or thin
sallyused, sections of ats. adaum sections. which at susceptible

to coldshtltormisrms.
a) HOuW

To ratiotaik onsistently closedimncrinaltoerncMs d) Goring Techniques
soundl castings, and goesd surface finishes. it is The gatingtechniqueusedto Setetlintothe mould
necessay lo use a irssruc'free, chemically bonded easily is one of lire most important conributors to lire
sand, In addition, dlose control oser the design and proslrction of round casting Improper gating practice
fabricator of moulds fur large cartings is cscorra if can result in a wade sanrely of casting defects Right
tbeatfnremruooesd ciaractenslcs am tobe achieved gating techniques haie to he used to esure lire

nrx iecesshowedthatmouldrngsandtobesd promtion of djrwcional seolidification. adequate
aluminium ~ b csigsh uld sed tir mould filling, proper riser feeding, and minimum

producing large atnru ,tnisol vche tutruleneet. Gating parameters mre flaring ratio. spine
fnlnuing specific charactctistcs good finwabnirty irethand shapestrainiirgtnails and riser sreand
permeability, tensile strength, and compressire
strength.fiighlt wl stresgi low retained sleergt and Inclion.
low theremal cspanion and gascsol'o.Gacs mould One of threfirst Concerns indesigningaglnrttris
and core sand should be rtmogS enough to withstand to idetermrine if the part should he cast retrically or
handling and resist deterioration by the molten metal hericontally, I lotiertal gating is the most commonly
at cetatn

1 
teesperatures. hose good petenbity to used techeiqscbeausc: it is generally less complicated

allow the passage of gas. b, flawaile and display good to tmould. has less hrydirostatic ressure ard producer
compaction and surface finish characteristics, hold les metal turhelence. lnuese. large, thtrinal
dimeinsional tolerances it elevateud temperatures and castings are impractical to cast in ahorontal poitior.
provisde eae in shiakeout after cooling to rom becauscof nonuniforosdrccionaseidfi aniid
temperanture the potential (or mould sag.
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a structure (d) holding the mould, %,th one or several

~1 1 5 5 u ]. T  oZgren as~i e dakiofS mo.P i vethem a

up through the b
thnin thecomponient (from point AY %tth aoupoord

motion speed directly related to this pemsunnation

-overpressureisuappltidos soonasthe moudsfited up
(from point Bf)

4 this oserpeesue as mauottined foe a period
cotrespondingot least to the cepmoet solidification
raasge(feom pointCtopointD)

*the release in the futnace pessure motses the non-
solidified motel to go doun back in the crucible
through the tube nd the casting nozele.

Great care should be talser

_____________________ foe atuehbuleeeec-fircefillingeofthe mould sothat oides
oreblouhutolere asided

* so that mould shouldhamsrll suitble senting putts

sshenpneasurizatinnapphs

* so that solidification should occur first in the mostL I Hdustant pants from the gating system, then, gradually in
the casting till it reachesthose gatesAndoccus ttlastoat
the rejectnon nozzles feel uhics ill be the seat ol
solidifieatioushuinkage,

The improvements, achievd by lois-pressure sand casting

Fig 2 principle of coeontinal sand casing L. Reps vtability of casting conditions throughc

* total control of cooting temperature (futnace
When pattssarecast intheeetica position. diectioal regulationl)
solidification is promoted because the mnettl is palest * tots] cantrol of filling speed (gas adintiton
into the casting onlywhtn andwhere metlu requied, control)
Solidificationi then can be cotrolled by judicious
placement of chill, thus alto-ting the metal to solidify * total control of everpressure afterfilling(througt
towsards each nrtsgatr combination The stin samneconttol sstemassAbe)
disadvantage of vettically-paling large. thin-nail
catigs is a large spine height that siu motse metal 2, Control ci gradient temperature

tutblencif el popery deigne. Te metal neat casting gales (for they act as feeder
turbheads)i stay liqudl desigged in n ulatin ould (sand

1.2.212 Pi= uiSarndCiitueg or ceramsic) while the cesnponent soildificutton speed
premium sand casting is more expensise than eoitonaf canbelncreaeu using metallic dernenets
sand and lnrmsstmeet cating but makes it possible to 3 1llighfeceding overprrcsuee
manufacture components 360 IX 2000 X 1900 mm at This osetpressure is appliedlthrugh thepating systemt
minmum stall thickneisas of 1.6 em nsad high toleances on the component molten metal at stain as filling has
(+0.A mm - 0 2 mm. lip selective, local cooling, petal eutesd sod ranges from 300 to 500 mbae., which
meitallurgic properties and thus high strength values can be cotrespimd tooa feeder head height of About I A to 225
Aciesed timdlat to those *cv by coneetional sand in.
cawi4 'This high value largely incases the components

A special type of piremium an d casting Is the lomspresure adsoty.A netmetptratungtton the ould%
sand castng peocess. igure 3a. A low pressure casing vi$mle e ~ctau;it h ad
machine incldes

a alight holding furnace(s) nith aineostesre 1.2.3 fltaiumCasting
nfabutf~ro .Sbran ainnlerwovtesr The casting of titanium and its alloy presents a special

ofaout 2 o 15 btan a rucblefiled itho~n problemn due to the hig reactivtty of she Material in the
meilmolten state. Tis reqires spia meltig. mould-making;

Y filling desie comrsinggef a cast sin dip tube (b) practices and equipment to present alloy contamination At
nod an irsiectin nozzle (c) Dlominug molten metal to be the same itm. titaium tastings present some advantages
Iraesfemedil to the mould whcncorparedl to custiog of other metals.
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(1) f. .*.

Fig 3a Principleo lowtspresure sand casting

1.2.3.1 Itrrductin
1The follossing special techniques, Figure 4. are used to cast
titaniums:

* Because it readily absorbs oxygro and ntrogen. it is
elted and poured insa vacuum. Fig 3b Los.presurt, sued casuni; plessure engram,

*To ensure purity of the metal a consunsableelrctrode
skull process to used for oseling It is possible using
etectronubeamo mehong.

*Because Ibis mncitig prncess does tr provide
significant superheat, the titaniurm solbdifes rapidly
afrer pouring. Therefore, it ts necessary to ill the
moulds quickly and acenrfugul methodtisoftenaused. .su

* Because it teacts urn ormal mould malenalt, nes A.
materials bad toabs selected and developed for Use.

The consumable electrodes are made fromt billet, bsulk
ssotdabl solids(for example. rntling-mill ofutsapproed
foundry resort (such as feeders nd risers; frost presious
melt%) and curlomrr-uppliod material.

Poe small castings, moulds are packed around the inside C.F
perpher of lbs ceoltrlge. sshie for large centre s
cato, sh"cbmaybe up to 23 mdiameter. the mouldsaore
stacked concentrically in the entrifuge.

The cemtplcle furnace is evacuated. the arc is truck taoselt
lbs electrode progressisly ino the sster-coolcd copper
ceneshl. and serb lbs centrifuge spinning the croeshl is
tidled to pour the molten metal throughl tise rotning runner
systern ino the mould.F4Pic~~citriicswl

1.232 CasrloMelhos
There ore too Major titanumo casting Methods: camed Ta illusteate Ike typical stages involsed in lbs proces of
graphite and invstment catinng. producing titanium cast pan a manufacturing seuece for



WAX PATTERN MANUFACTURE -,tface oppeoraoc. Core Is eeoded to prevent
hydlrogen Pickup durng the actid operation.

CERAMIC SHELL MANUFACTURE In large or comrplicated shape congs, the moutld coo
be assembled from s ma ny as 30 segoreers in large

DEWAX AND MOLD INSPECTION mould segmcset s ssoerou difili o oetrol the
precise shape of the =rrold during the d rytog ood filing

VACU gasm/eshibieblimits the dimcroool accuracy of the
ACUM EAST fioot product, lire dorenosr tolerances of lorge

Icomrpoents con be tmrepower by using shell coe
REMOVE MOLD AND CLEAN obseb ore light. hard nd ocerore. or by usiog the

I cercioulds
CHEMICAL MILL b) C-16mifMoolds

IIn this nethod! coctioc monk! egmet, are produced!
RIP horn u'oden potterns tooa proprietary process sslrch

I mafitais goes! mould occuracy and reproductbility,
INSPECTION Ibisisabigher cost method tanthe rammeed graptsie

rechniqne amd.so odditon. the ceramisc mould is more
WELD REPAIR difficult to emose from the castrotm.This methods

most appmopriaee for large omponeoto equirng
accurate dimnnsios such as utrer-jet pump impllers

FINISH for hydtrofoil bcats.
UCAXREATENT ) kisoeeaCoing
HEA TRATMNTIn this mrethod, a non potern is produced by an

Injection moulding techoique. The oerrieds -anDIMERSIONAL INSPEC710N injectiontooligcsityis podcedt irth constdcratioon

- I of max, ceramc shell. and tiramium alloy shmokages
RUE INSPECTION Theigaringystemn pattern tsades! to thepeeslact ,uo

_____________________________________________ Pattern.

The pottem assembly is then dippedl to cerarmec
Fig 5 Proescuhogramnof Kitsom investmsent costig stoorses. stucedr and dried. This tr repeated seseral

times to beid a ceramic shell rsrrh enough rtrength to
the neetster costing method tr thorns to Figure 5 Ths sustanthe molten metal presrreafter btNrgtrdred
sequnceitpicl for producing bighr erity components by h ring. The n2n pattern tr then remosel tooa strom
for gas torthin ergines and airframes rot less demanding auto-close. sshicls cs the mould costy rcod) for
applicotions. some steps, such or bot isostvc pressing costing alter firing. The minimum practical %all

a) Ronmred Gmgshrt'ivid To inprosec productisity. many dulopicate components
Itaonor graphite nons the earliest commercial mould. con be cast tn a darster patter. Thbe tnjection mould
maksing tluct fot costing tumurn.Tradaonolly,o ,ax pattern production, the stonry dipping process.
moxtore of properly sec-fractitued graphite ponder, and theclttrpatternsmolctlsmethodadoptahleto
pttch.corasytsp.srorchtiandswater is rommedagaosna automatiou ad produoction ofllrg-qustntitytrns
sssresln or flieeglass pattern to form a mouk! section The ceramic shells are Placed inside the mould
The coms symip and the starch gie rho mould tome dtomhesrofthes acuum arc fucc.Thecastingeanbe
green strength after ther atmmed msold has been dnied d~oneon a centrifugal table to assist rh eta C ion fWOr.
an air for 24 h oe for shorter Periods 31 200'C to a more stmplybygravsty potmgrshich requirres highter

drying furnaoce, The mould segments are then fired tetmperature preheat of thse shells to Increase the
under a tstable shield foe 24! It at 1A2*C rousing all molten metal lon.,
rho costituents to corhorie and borden, In scone
cares. %aterseolri hinders am resd it the mixture. The ceramic shell Is reoees alter costing. as nell or
rsbich then does not require the hrighs firing the goting system. Insesten casting presides scty
(empecratote. good dinmensional control and is suitable for

TheMW-m pactcalvW thcknss s $mm. production of bigh-spatlsty aerospace engineTh mniumprctca ai ricnes s m.The coponm&s
mould rammieg is a ao3 'neos process ohich
MMoa4 ho eastly nseelsoc" anutomaoted using rho
traditional lander/aggrega3te mitor A system of 123 oj~rtoayjeasrodacse

gae us. iesasures proper molten metal lio a Alhhesould uin r~saccosnfrmn
during the casing process, and cause mont f Lho Aiet ooidmaeil recoe oemnna
shrinkage porodrty to occur in the risers and the gties. reoctresty sills molten titatoar. there is always scone
.h~iae not pan othfinihed peodumt reoctron Iosong a snperficial Layer of sutface

conraminatiort.Ths is rensored by chuemically etching
Tse graphite nmould is to haed the! it most Nechsselledt aaya 3latr. usualty 0,13 to 0.38 res deep. The dies
off the cast pant. The eastngs arc then Cenerally nd patterns are made osetnize to thi fre echfe!
cleantedhsnanacidhbth (foloed by chtrrieamitsng castirgs meet dranang dimeseoicons 'Thin choemicat



etching met.hod esy;uder sene circumstances, be tenmperatures than the stress reliesing treatment,enraed torde soseuta ioe wall sections typically dlose to or ahove the beta transosthan can be cast timereaterc,
b) BtlloraicPeoising(IP)s Since titanium casings are slow-cooled in insulatingk

A heated argon-filled pressure vessel (autoclase) is oualds in a vacuaam. subsequent theresal treatment is
usecd to HIP densifr titanium alloy castings, if the normally unnecessary since the castings are virtually
Wlling is doeprnperly, no residual suids will remain oannetrssblestillsthernoslds Srressesindacedby
an the mrial (diffasion bonding) except for sarface welditg can be reliesed byasimplestreusrebefeycleat
coanected porosity, This type of porosity cannot be 65S*C
healed by IlO~ng. unless special procedures are Straightening. flattening or string may be
followed, and mast be weld repaired accomeplished at the normal stress rehecf/anuedl

The Wlling of TA-6AL-4V is typically done to the temmeatere by use of appropriate fixtures Alpba
temperature range 890-955'sCar pressures of 7f0- alloys are tnt heat treatable, bat, a wide range of
1000 bar for 2-4 b. strengaths can be obtained in Alpha-Beta or Beta alloys

in the eae of titanium castings, a can er a mould is through solution treauing and ageing.
unnecessary to obtain denlicanton, which emakes itoa 1.3. CANDIDATE MATERIALS
Ions enpensive operation than Iling of pauderi Preference is gisen to the casting alloys A357, A201 and
IPang can enhanoce crinical mechoancal properties TiA1tiV4 (Table 1), for structures iii alrcrafi. on accoont of

such an fauggue resistance, while causing no serious thelhigh strengthsvalues of these alloys
degradation in properties lihe fracture tongboess. Teslcossadr atn lo 37 ute
fatigue crach growth rare, and tensile strength. Thvelimentous sAdard casatingarly Agoo. ahstiher
Therefore, cast parts wich are fatigne-colticad a eeoreto A5.bnpriulrygo atnlfIl'ed, w hether these he for airframe components, or properties, producing strength values between Ii, - 310)
engine pasts N/meat (investment casting) and it, - 340 N/mmt

(Premium casting) depending on the casting process and
c) W4epaiR" component geomnetry

Titanium is fully weldahte allowing repair or salvage The silsei'alloyed and highly cupuferons matettal A201 is
eperations whecnesee necessary Wedmencnts base well sailed when high demands are msade on strength valaes
excellent tensile and fatigue properties sometimes ofappron.it,,- 420 Nmm btis sensitie tocat-cracling
exceeding those of the base metal. dangesting.
Therefore, weld repair is acomsmon practice for filling UghS~ parity uerins of A357 and A20l are now under
gs porosity shrinkage pares exposed by chemical desetopment looan attempt to control better uniformity and
maillng. post-IIIP surface depressions, or cold shots reprodacibhity of their properties. These alloys wsll be
for appicanoos riing defct-fre componns known asB357 and B320 I
lnert gas tungsten are welding is typically used. flitaniam castings are produced predominantly from the

di) Been Treatment TiAIOV4 alloy and various eammerealypare titarmm
line types of heat treatment arc generidly used with grades& Ifiverer. atnumher of the other alloys hare recentiy
titanium alloy eoatings. The first is a post-easting beat been cat. Ink almost all ensen these are simply Cast rernoAn
treatment which is Primanily intended to reliese the of cooventional thl alloys. Per MtAIMV the guaranteed
residual stresses, which result from cooling from the properties are approx. It., - 1000 Pifsro
Molten state, and the second is designed to change the
cast microstructure fr mechanical property 1.4 APPLICATION OF1THE llANflBlOO
improvemeti ltler type is eacined out at higher The Hlandbooka should preside the user wsth practical

Table A
Chemica empeinoflthe nlursedon aloys A356 357. A201 Wni tse titAomenak~ylWSVA

ELEfNTS Dthens"
Cu Ag fie Ils bNgIS Pu c Si IZn each E Ml V

ALLOY MrM N Ir/4NrI Nr/r/4 NN N M N
AM~t from - - - - 020 - - 16.50 1- - -

(32374) -to_ 0.20 - - 01I0 0i0 020 020 2 750 0.10 005 0.15 Bat

A357 fo - - 0.04 - 0 10- O -

to 0.20 - 007 0.10 0.70 020 020 750 010 005 025 lUnt

A201 fom 4Ot24 0.20 0.1 0 - - - - -

to 500 100 - 0.40 035 0.35 020 005 - 03 010 Bal

TIMM tro------------ml2 - - - 65.54350

to_~~ ~ ~ ~ -a 2 -&5 45



8infoemation. i .desn da.mecanical valutes and qality In the routgh design stage the geometrical design data nd
assurnce methods, but not utth martufacturng dauta castingtechniques should he taken into accoutnt,according
because they are the Ulovs-hiowt of the foundry, flat to the chosen casting method (Invostmsent. Premium. Sand
Hndbook 00$s created to help t user osth basic or Comntuorat Sand Cating) That is the ranon lhy the
informatin for properly tfesigning a casting It peroides cating method hat to he detecnoed %try ardy ont by the
speeific iotornsatior ont desgn data and includes practical arcrafttdesigner. Each systernthatsoo daoaehch
uson hov to prepareeadraingfor ananog. %ill henlp to optimizee the pant utl regard to stees. veaght

The Hndbook sons attn denstgsed to hetp the user to dcat
understand how astings con he used as reliahle and cost- there are nome features, that can he used ns a first design
satinig ceanponents ha their products step to check whethetaastngsolutionsappliaeteenot

Al the pesons timen the Hndhook stall cover oft] aircraft a) Outconroouridgeneay
yThe more comples the shayes. the treater P. the

structra apptiations and the A357. A201 and TLAIfV4 advantage of aeang beause the machmnog
alloy&. expenditurestery hgh for spherical coaoses.

In the ext step the Handbook ans mnclude attn turhine- h) Owealldrrensone
apptaeation and other csting-alloys, The overall dieniotns of the component considered

CAQSTING DESIN have to he checked asth regard so feasihataty hy the
foundties,heause for each casting method there,,a

2.0 FLOW DIIAGRAM -DESIGNERS GUJIDE.LINES" least to peadoconipoasiatty
c) ll'allthicknesa

Ptit $10 Ingeaelcr angscanepoduestthemoanum
seall thicknettol I.Sto 1.0 mat.looser.desgot nith

... ... a arsar r thinner wdls are posible.

""t satar .e.m "..a2, d) Tolerances
atettstr2 It is inisptable that the totetances ohtained hy

5s~ossa~ttts at 4tar casting ate somewhat: lagher slan those peoducrd hy
machoin. 11w, it s very important to knots ahethee

F T.tats Saaaat 07 ths tlrances ore acceptabale oath regard to tho
assemhly or to the outec aerodyanacs surface

5t5555 eeqssiremrort In many eases these casto'g tolerances

allttrss m ': sy he suitale for the desrgn natheut large

'a. In early drsign. a rough cacrstaion fas to he made fate

C~~~ 5 heectoof the ight casting matnal. Ifthe oral
ut,stst AI.Wtkays (A356,A357)tattlloot fit sath the load level,

the applicationn'fltlialo) maybecootadeeed.

231.2 ScleetionofCasthsgliltsod
C-10 Milt The above mentioned features hate to be used for the

.at, lti~lasselection of the casting method.l

The foltosieg check. list shaould hlp the desgoec to find the
sass ast. sort sem a's pproptiatecoasting method forlas design

L, Outer Dimnotons
cc a Each canting method is determined by the esossosar

masts sNost, d ealarsissTsepends oaatheetqsapinrtof

Castng) or the It reratmee fumnare (Premium-
Pos M0 WttConventionaal Sand saCttirg)for esample.

2.1 GENERAL
2.1.1 Intrsdaealoa 2. Toleranes

Thismiodeal~itithccomtriclasCantg$ are typical integral parts and therefore she
Thisetio~sealsethhegesaetielapectsoftasting sze of the toleranrces depeeds onatshe sze of she

methods and should help so optimizeecast.& created by the dimnsiost o a lugher degree than, for examaple in
aircraft doger as vll as by theeasting spocialass.Asea li
step a casting shsould he desgne sast cegnd so the 'Then fl~dscarionastnsrctehmesbeageeeby
rergsiremerarsofitsapplieaioa. thefoasislies



machined pat&o And the)y aahw differ according to the 2.1.3 Design toe"os
various cavng men/wds So the designer has to che .31Iorlsro
ohether the casting allo,;rooces; ore suitabte for the 2131Itouti
overll assembly, For adtonal tinomt see para. A primary drivingfactor in the utlaion of catings is cost
223, reductioo.Maystudies hawe shoss that esngs eon be

extremely cogt efflfecr for particslrapphicatioo The two
3. Shope ptiniatyapplicatioo aras re

All shapes of aircraft parts coo be diled into three L. Replameaalofcomenhicttmvoleesomhtl
mnaeegones olnenxeroosdtwtioa

Cat'sorte I- WW-ter It. cat'Ort, III

*Mat l. s flat 114n% W rort., Singtr or 6.1ilt -as4 toaars (walt$ flat or i)
rdlO arty)

4 Walt Thitdncss 2. Reptocetoetofcnmponenltsreqoiogcoteosaee
Neatly the =ac rohmeso all thcknes ano he mtachiniog
produocedsssth the castiog methodgt I 1oweser there it no firm fixedt rulen %heo or soheri. a
Issestroert Casting. l51fi0.15mzmo castmghoutd heutes.flsc eoooomicI oill be affced bly

rinu am atg 18+ 034 mt the casting process selecteal, produnctiont sotme, msstenal
Preneosooi Ctho 02I aod quality rquirents But most impottly the

CorneillesaiSand Casnogr 2.5 t; 0.5 mm enomics are affected hy hosegoeod ajob the tdessgner
5. Mchaica Proertealoes in designing the compmnent to be os:,Th cost tof a

A. rhfescto n feaperte coasn chnchnia easily be doubledi by factors controlled by the
isfhighly recommendedathatethehdesieeha ocokproperties, Consideriog the samse casting alloy for the ,eitoer Mo ftohunrie asn dein hat thdgnr okthree castngemethods. differetnt volusac are aehicsabte sshoeo oefsdisidatpnhafs

(tee Chapter 3). 'Ue founsdtyshosld nake suggestions dtuting the
6. SurfacRosphoes conceptual design tand again dotringaictast design stages

Wthi pointttseoly of conceitsforcasiuigs located! at (wt afterthe design is comakrejThetimporttaneof thN% to
the outer cnttosr of the aircraft structure or for get coal effetive hight quality castings cant not he over
mating surfaces m hicfemay or may not require emphasized.
ohscquror machiin&g.1ptcaJ torface touaghmess isas 2.1.3.2 EO~iO~o~ Iaaair

A.. Castingare not apaacea for all aircraft cossponoerts
- InwteteCuting They hotd he usesd %here it makes snsc to use them.

- 1,6-3.2 lam- 65-12 5 RNIS Thie foltosing threrfgures shs th reethdfferentaircralt
- Preiu anod Casting 3peto'3 

2
-6.4 gm - 125-250p~ aphctiS

- Cevetital Sand Casting Simptecmtligunao (2.1.3 2a).scmi-essmpeo
-6A-12.5 loin -250-500 frMS conliguatan (2 1-3.2.b).and comnplexconigorato

After g oge this checktisl. the uttable catingnmethod (2 1.3.24c
shouldhbeclear and the discsisimr sath the foundrty my Asumuog typicolai reralt prdction qaotties rat alla
Sunt. nms-recuut nsg d recuettogosts ssere deselopesl for the
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SIMPLE CONFIGURATION

MANUFACTURING COST COMPARISON

LEADING EDGE EXTENSION

HOGOUT DESIGN CASTING DESIGN - ALT #1
WITH ASSEMBLED DETAILS FRAMEWORK ONLY -

A357-TS ALUM ALLOY
SEPARATE UPPER & LOWER

ATTACHED SKINS

NON-RECURRING RECURRING NON-RECURRING RECURRING

100 100 182 109

F, 2132 a

SEMI-COMPLEX CONFIGURATION

MANUFACTURING COST COMPARISON

SUPPORT CANOPY MECHANISM

EXPLODED VIEW - A357.T6 cASnNo DESIGN

DETAIL BUILDUP DESIGN

NON-RECURRING RECURRING NON-RECURRING RECURRING

100 100 1 IS

F-g 2.132 b



COMPLEX CONFIGURATION

MANUFACTURING COST COMPARISON

F-20 VERTICAL STABILIZER

BUILDUP DESIGN CASTING DESIGN
AND ATTACHING STRUCTURES A357.TS ALUM ALLOY

NON-.RECURRING RECURRING NON-RECURRING RECURRING

100 100 42 28

Fig 213 2.c

hosetinedesign andfoacret placemnent d signl The nous cost parameters differ fronm casting method to
As can be sce.n the sime consfiguration the non. casting method mnd from foundry to founidry Therefore oill
recrrtog Cots rWyliigh for the Ctistg mpareil to potential foundries haon to be wAcld for ret offer for every
the machined design In additiotn.the recntrringcosts serc part. bectsuse it is ot easy to transfer the cost front one port
also higher. since the machining required on the machired toanothrpatt.
denign msa fairly simple. In summry, this osould blea poor
apphiatiot fortooting. 2.2 IESIGNDETAILS
The sn oplnninrtohoseeraaffert This secion deals %ith the geometrical roles aypplcable on
story It resolies complex machinring of deais and the mentioned casting method Some of them differ from
assembly of thes details. At can be seen. the easring method to method fit they are motlfyequal for ott catings
alternate design sboss 15 -20%ecoot kasinps.Where
castings am realty adoatageus. hossevr. is ton the The foltrosog featores should be eonsidered for aut
relfacerientofl compteconfignrations.'fbs patrcelur Osptimized easimr
apppheaost insnoes enrtiii machires8 and the assembly
Of alarge comber of derals. The castingat ternale design 22.1 Oseralldmenons,
$hOooitvrry hghYeos sasiAgSpoteCtiAl - Well 0iser 5M% 222 hltnimitsall thichnem&

In the thoe cases. production, qpuantity made no 22.3 Radii
differenee. In maoyinstances.sover. the roas-recorrng 2.245 %Ndalilcvolti
coststmay be "Cry ih. but the recurring costs wrylool, n 2,263 llsoaednbads
tbzt instances. the Produetinquantity beconics the 2.26 1 Ins soctdin rnibsiands
detetnilmopg factor in ethor acasting is telected or cot, 2.2.7 Losetio rases on

For adesign comsparisons the foltreobngmist parameters 2.2.9 Csie
base tote conidered. 22.10 Channelstand holes asecat

Non IReurring: Coss (lIRCq- Casing tooing 22.11 Added material for ciachinedl ateat
-Imeetonys. 22.12 D~raft angles

-Toligforshining 22.13 Paiutlsadsgeap
-Trantpotbon 2..5W~dd~
- Prototypes; 22.16 Chieme"mitling

RecurrigCostsfRC)c - Catiog price 22.17 Desigtail/d/ofsignated areas
Isperto orka 22.18 Itloeog:

-Transport 2.2,19 Tosthngpoints
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Table 2,15

Tabolar S-oom (Al-tS~e. Only)

o.0 I=oil SO 3 x 2 , 19 $00300 000)) 00(0SW

0i 000000 6 0 0101,0

(on. tro lOMo30

0 ~ oi 0to430300 -III ."i t0. 3

0 C-1oy (30,3 G..3 00.000 M. 00,, 0030

"q3,0ft I. U 32-,.4w

2.2.1 Owaoll DirOtersonos
In Sooriorl. r~ximooi dirricooooos fmable boy the foooojrics
0rc liolod boo

L m w H
H (mo) (Mr) (on)

Investment-Castin 1000 800 500

:Z remitp-5ond-Casting 3600 2000 1900

COxtetoal.SarCasting 500 130 1500

Investment-Casting 800 660 400

LneiO-pie-caosting 2100 11 00j 1100

w

- ~ -Ileooal. -special-

Invesvnt- bell L 130 0.8 0.6
tel L -600 1.6 1.4

:z Casting bel 2. 1200 3.0 1.9

T PrecnoSand.Casting 1.8 2.6

T Conxitol te.Costing 3,0 3.0

onestment.Casting 1.8 1,3
kmoso iieasin 3. -.
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tI'llhrkrsnlresnsotcasting) lIre incorporation of ribs enables the fondry to prodtuce
One of the sigrelicant advantages dof th estimmn casting thinnet mnills as represented in ig 2 2.2 1 bry curse 2.05
proess is the ability to prodnice sery tin snail thicknesses. compared to curve I %hici represents the thicknes
comrpared to anyetherecasting mrhed linetavon of %2i]s seihost ints.The ribs ssll erprose metal
lIre infinthe nuember of easing coellguratioes, ad sie feeding and enhance sillness, end oh tetersecins mray be
maker it difficult to reotnesend general snall tiackoesses ue sfefn cns
Thre graphec illustration, IF,&2 2.22 is in nttemept to relate Depending on design considerations, ohbs mray be cast in
stall thicknes to searem manydifferent conliguratnns, tee esnples ore itinstratedt

Fig 2221

3.0

I\\d eal~ wit h-o ut r ib s
2.5>

.S 2.0 Ideal with rib

l'5

0 5010 40 0 00 500 600 700 800 900

Applicable wall dimension

ft 22 2



2.2.3 Wait All hbarp cornrs should be ,0 ardd. ie. they Ahoild be
On praesple. all fitting comers should base a raxhu&s The raidsosed (we detail I. Tins swill help to obtain a hetter
reaoris ar I otosimpras the aterial fow and to and crack surface protectionby onpeassep; adhesin ofthe paint
propagation during Cassnd use

To be sooif& DETAIL I

O-Ra,5 5r*ad da,

fecae,edO

ROM 2.2.4 R~lsamrdVbs
The advantage of faphee mechsanianl peapesrins for plate

mateial (7075 foe exanmple) has to be conspensares foe
hslen a casting is coassdeeed.'fbe enly may is to take fall

heatfe of rssket corner radii adnaaageoflsacproductionofnbsandsehspossblebylse
castosgmerlsod.

'Or possblsy o iba ompasaso depends in part 0on

0<,I function and partly ox cLgcfelaD8 4 From the followi~ng example is can be seenx that foe a

mnechanial propeeries can be elimnatred. and esca for a
dynamiscally loaded pasta aesylss advantage is posasble.

1. Exmple (Statsrasivloaded)

Further iafortmatinaboutrflet radisgisnin lsedsagam 1 -6,4
below.shooxngthcraidiimidpsdencion tenll tssekncs ... ...
foe ianvensftiscsastings.
Other feature,% sna be cast shaep. sucht as O'sing geooven
card guides. cesme Isors. waseguidc passages .- or %hben
foncstionallyrqstdees.

Rasallee I ... I~ .. ' C0

loads, and only thsis determsine; the cress setsms.Thess the
wsidth of the flangemcabe esadesmalle in a cassing thin in A
michined past becnause of the ssalkr raius r. slssf
mean sless wresls5 k5 5I. a.s 5l50 ..s~, r.....



2 Example (Dyssamcally loaded) provide some holes in a web within a large area. This is to
support theoramemold,!E: ... . r=! + +

U, suppM, f an

Ceramc iWuldt

2.2.7 Cross-SeciionalTransitrns
-ucrec- -case- If a step has to be desgned (m the thickness), the transtion

-0, should be carefully onstrdeed The founder (with regard to

e the material flow) and the stres man (nth regard to the
dynamic lads) do not favour a short tranntos (se
fdlonlngrexamnple)

PO~t-;:Ji~L.~:~. Eeamples for all casting methods

2.2.5 MaterialAccumubton
To ased shrinlsing. the matenal thlcness should heapproxinmately equal. Ibi measure helps to improve the t q3-.T'

ightsituatoatoo But If for ey reason a large step as desired, the premium

Ofnvis procesca provide that (se example below)

+ ... ..t 1 . + . st...

l'l ' tg'+' 
+' ' ' "  

Example for premium process~2.2 8 Loft Lines

The majony of soli parts of an aircraft ares some way
related to the theoretical outet contour, the loft lin lus

cfiesesits mans th praducton of singleiorrdbl edsfaceson

flanges and chord sections,
Here a casting ih an advantage becaise spherical sofacts
onthe O orth mould need only to be machined onc.

The inr surface of a flange should be parallel to the loft
Tis makes it caseer to define all conection parts and in
addition results in a vseigt resuctim (se example)

2.2.6 lIoks Locaed nRistad~rbs N..V-

Fo the investment castingmethod it is ofs ieadvanagr to
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ThisS sybsold notbe ontted for the deiinitin of rlsTh lf oks
the lofwnd show the allowable tolerance. Almost any size of throusgh hae can be cast, provided that
'Ibes esuting deiations ha to b consideredl as an crancesroaeet
importio ntienion. if loft lines are prodiced on a The figure below vvses a graphical descriptin of the
Miasen The inpactonce of postin and wavreesmmendeddeantter to iengthr eas
tolerances and in particular ther definition shoulid be Io
serycfcar tthedegnratndato bed' sceduith 3t
the foundrty It is indispeesable thsat both designer and 34- ,
founder ate the samee term (fox more infotrmation set
chapter 2 3) 2

30
The foundry bas to be presided by the designer swith the 28
sstahtelofthic datatinthe foretotahles,deaingser tapeM

24

2.2 9 Canitles ~22
A fanther advantage of casting design is the possthlny of 20
prosiditg casities. Th ill in tcrease the degree of 08
tnrgralronoa.ereduce th number ofparts ~ I

It should be borne tn mined that the core eeded must be - 14
sullicietoly supported bysesera] belts

The tminmum dhamseter of the required boles should be 10 -
approximately ItlS ru.but th..ad spacingofthrsebholesfor 8
the core support Wa rn be discusssed ssith the founder and
agreed by huto because location and numbher of belts
depeed on the geeoetty, of the parts and base a great
influence on the tolerances 2

A scod psrposeof thesebholes t;ro allosothe removal f D 2 4 6 8 10 12 14 16 18 20 22 24 26the lost cores from the casting. Oiamtelr s

Larer~ittsersice theycan be sed asittspsectionbeWesby the C) A propsedeasringoift sae
aiirnn, lf heyase in the ester oontourandare lobe closed.
this canbe doae by rtihgor oelduig.

Blelowo are shossom texuamples of casitis o cstoig

a) Lip of the Forsard Inlet' assttg 6 Q1L7"1,,,R SUPPORT~iA

2.2.10 Cbearstlsasd ole, s Cist
In the special case ofa hearing that requisres luhrication it s
posstbleto place the grease euppi lota practical location.A
charel for the grease can be presided b) the fsaatder.

fixt ret Coat t""ou vithout coosple drilling in the macbloc shop (swe sketch

b) Hloles for care sappoart on abet-shaped casring. Stze
and geometry of the opetnngs should be dcrioed and
agreed in coopration with the stress slepatosent and
the foundry,

tiC~tfl~r~4..a.,16"It ASu aaASTsao

0s o anorrn4t
I ---- " -



WThere large holes are needed. for cerample for a bearing,a
large porson of the hole canr ho cast and drilled later for
enct beariogposrfon and for theocorreexteterforbosh ides55

2.2.11 Adda P,1teril for Ilathenesi Armas.-
In those places whereryhsghaccuraCyis requiredand not
pownbeby c~ioig~sufficrrot material toust be provided for
subsequent machining to tale into accounot oil deviation$, a

tht aaer o n wall thckese tann walla positinsar

212.12 DroflAntles r*t ~
Normaally three is no need for draft oog4m For casting
processesusngsand asthemouldingmatrital. a draft angle
%, needed on rta lanltoIt shold taen ito account tr 555A A. rro
that the draft angle0 means more vnght aod it is therefore

necesar to anotre ~s se.2.2.14 Rod Joints
Geneirally this btei embraes a large rooge. and there isa t

riieting. What do these values tool, le for cast materials
(AVrP)?

Questions ssbk l l concten the designer ont detwd design
points ludce

-Kind of risot
- Iist diameter

-Spacing
- Edge distance

-l1sle lit-Tickness of thomrr member
lb lhct fractue alue,

0,50 Nhirh regard to ahose meoneds questions. sesetal tests
mcme perfotmesd under the i csrnrc Structures

0,50 TIectinoloty-ildtas- programs founded by the Federal
bNiivryofDdfoccof(Dermany
The conclusions of thes tests are as follosn

2.2.13 Fail Satee 
0

sio stn~mptrs
sorrsdessgrscascthereisaecedforacssadloadpaho * tapmultbanlesilrlASsttotpea

itrimatystinctures. 1 rodutoncxeslsenure.

* Tetuancstressohassour ofthe risted test spemen
The nornsaldestgnmethod solversthislrrolemy roviding %3% the samesshen AisfAl-nvcts vere usedl. Btslte
a second macloses! part risvesed to the other. So if one parn binhd or close toleraunce rvets are installed the cast
fasts the load is carriesd by the other one. matentr htao a slight dasadertage (see F.S.2 2.14.

For fatigue loading thse alloy A357 slsosoos a slight
'Tbis princtple can also ho used for a casting. lelose are advantage to sassake slereas sof faigue hfe (see
shONNs I, mlut qats oda failsafe, coustrocrima Fig2 2.141h



19

Seral inds of ns (anltd-Al-Monel-Ti. blind and clone renquireents hove been found fan A357eooateonl venus
toleeanoenvets romnsteel and~i)havebeconodred.No neaoh lloys inthoee orbmnaton

fature cracks hane appeared at the int during ,nstallation
(Nsotetheeincrease of the body forooAid rhevls). for all these aspects, the desigees does not haie to consider

A furster point is maeSnr of meiato Ins foror.there winbe the 1, gaonofrstinAo
noe and inom Aly - C rbo Fbre Reiforcd plstc

and Al-alloy - Of-olloy combintons. Also no sitcc! For all static and dyssnc, stress valuessow Chaopter 3

N
* Explanation

*40.000 VootKtra

35.000

30.000

25.000

20.000

U,-
is Material of spec inen: A357.16
o Test specimen ace. to NIL-STD.-13i2
oCalculation value - Ultlimate vue or 1.5x

Deformat Ion vale
-Scouece. Journal *Altninium" (Gerl 58. Edition.

19a2-3
Author: K. Hoiffer, Bremen

F1922.141 itensfetsniautsotests
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-4 .1 HI

Picture a PicturePitrc

- single load at specimen with low load transfer

-Rivet 810 - 6.4 mm

-iAt-Alloy 0357-16 (casting)

9Al-Alloy 3.4364 (wrought)

Stress Ratio:

-Picture a: .lL + Oil (Hi-tok)

- Picture b: 9S - 0.1 (Hi-Lot)

- Picture c; - + 0.1 (Taper-Lokr)

- Scource: Jounal 'Alumnnln" (Ger)
58. Edition. 1982-3
Author: K. Houffer. Broeen

Fig 2 2.14 2 Fatigue Wde of rloet connections

2.2.15 We'uded~oints r- s-eoe same feasures entioned] for ulloy A357,
Special upplicutioss ore couceicable %~here seserul casriufi =L!!5~ but notr soemcdifferencr':

the veining joint 3ccrlmng to thme chosn sselding Process.

Sovmfesamrsrto be considered, Dlcicn ofa mecclAMsmm propernes rite
Alloy - A35 7, Use base metal as fifler mnetl semwitos

0 Notice the leeresate cMomwcol Values Itesidkial Properurs
inthrvdmmgrone oftlhe base icts(Asror A)

Resinuslproperries Process Rp2At AS
ofthcm base ereiri A357

Rp02/Rms AS 'no 40%

EB 9% 30 Surface Protection absohitl muery~beesusofthe
'110 55% 60% high ssscepnbny to crrosio.

* No decreas olmocvleialpopertseu..fahea reament Mousse of the mress corrosion.a ar Ireatment T7is
(1) i Isrorined afere5isA necsary

" Nlo mighceesucpsbrhty t corrosion 2.2.16 CrnelSdie
" N~o distdant orar arevhc oads. Chcmriling a nofrW aprocess for ihcd wW plate, Iis
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mainly used on skins in areas where dififerent stres levels 2.2.18 Mlarking
a110w vano"S material tlodaocsscs. winds eans sing of TheC neenty tnarkiog of castings ban to be done by the
wZ0g1. foundry Noremally they will work the iddntification mark

In srnecsaa hatide-asinteestng or aatngs to We into the msould so that flioknterswill hemo raised formo on the
kno soe eaosiA0, that ias trohav fo csogs ooia Westing. For small panss aed %here the raised letters will not

properties hut low castahitsty, for example. the miniwmm fttesebytrbe upx osbe
wall thickness for A201 isabout 3 mm (0 12). The identification mark shoutd incladet

This is a great disadsantag. because the normal structural - part nawber (refettg to the wrciraft drawsing
pattshaw'ra amnoaet for introdaciigbigh loads but in the nuwbeting systems)
larger areasatheremay beno reasonfor schtaall thcns - number ofthetnatril spectiesctino
In that case. if a local reduction is reqaired, the -chemical - name of theifodry
nulling" process shouldbe takeninto conideration eacfhltesdhponnfhtatw aeo

in addition, it is possible to use the cheaper sand cating be defined on the drawing.
method and to reduce the higher wall thickness by chemical Fthe otmnnasoheaknrmteapcbc

esslhog.aircraft standard.
to, the design rhe, =nie fe, ,e$ s wilef, -ght podcr
can be rarqfredto castings! 2.2.19 Toolag PoMInS

To ensore that donensionoirg of drawings is conststeet
2 2.17 Designed/Undesigtted Arm, throaghout the industry. a standlatd ptssceslare has been set
It is generally important so divide a cawing into designated op to identify timportant poarts and p'ates for all set-ups, in
and undcstgnated arma.'his is valid for economic as w ell as, She foundry, at the aircraft manufactoty ispetion and for
mechanical and geamettical reasons. machining. The system of rooling poinis and dans planes
Nf chinneat aream descrihed bere will help in the preparation of drawings and
Miost structural potts hasw areas where hsigher loads have to crone the casting quality.
be introduaced. Thone areas mast he marked on the drawing Cast sntface frregtarihies; may he present an any casting
withna dash-dotted linme.Irethe fondewslprovide and process. Whlte these itegnticsr may hc ssithin casting
gnaratee the higher mechanical properties ansd a better tolerances. untess they are taket n to consideration darng
grade of s-ray As they wsill greatly inluence the cost, the setnp (for both dimensional inspection and maclunSo)
designated areas shouldbe kept as smoitl as thedcsogner can acceptable sutface itregalanity may he interpreted
permit. erroneausly as lackfcaving cosistency

Afarkoige-aPle: Th= discontinuities my evenbe magnirkildby the setup to
w rongly shew 3 casting as out of dimensional tolerancet

The tooling point approach emotos this effect of mat
sutface sanations on setup.

- rSpectlic small areas of the at sutface are designated a-1toolingpoints. Attention canthnIgicitohe aaso
assu re regualarity. In coating production the dcaigattu areas
wall be avoided sherera processing operation might result in
surface irregularity
Tosling points arc located so as to establtsh three datum
planes. Wherever pracheal. cating dimensions are taken
from these three ptanes. By using touting points inall setps

- n the foundry. aaircraftmanufactorymispection, and for
machosing - consistent dineosiss; cats be ensvured of She

<>n In thisl zone: -ray grade.... fnse at

2. tindesgnated areas: n-ray grade.... Tolngponts arcipccfied locations on 3ceesstte surfces

Gtomnerrfca areas. Inspection and oubsene machining operations. These
Geomcticod critical areas are zones %here smaoll tolerance points defion three datum planes on the casting for
haeto benmet by the foundrtyforcesain dimensions. dimnioning potposes.

4>oinica tooingS pois

IA

Planslo withs reduced tolerances "'t"r ot
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Drroc"Spoftooooon Toolingpoint location shouldTowtbecaged thut prer~e
Tolng pointssoold be oodicatcAoo drautogs a homnosi ot ordinaion betmee designer and founder
22 19z, The dotm plIane meay be de~foned by the te0on 7iutng Point Contacts
point )mebol or desguated bya leader and the appropriate Several configurtinons of tlowing pont cot ctl he
letter %tth the folfirwiugnete 'Dalum anA7. etmployed:

A +
.. t 2. Rnilt~pe:

1  1 0 7  
. P.11 IN.

Fo 2219 a
3. Where the Towling point contact is on a surfuce net

Deatmenanfbutplior ol I'/uochfarsote nornmal to the datum phrue. the entore, of the tooting
Datuplaesaeplnesootiiafomohietfe~uteof he point contact should be offset asrtustrated in 2 2 19 c

CaUrugatre duotnsoed I loucoce, % here the touwing point contact radinus is trot
Reltiuoufhip iersefToog Poins and tun Planes greatet than 12 $ Ten and aegle c 5. offset my be
The tooling points define sod identify three datum plane. dortded.
The datum planes ate mutualy perpendicular planes unless _____________________

othetuise specifiedi. In general. tooling points should be
located to establish the fintt datum plane sooth three poins,0....
the second datuom planeuioh tosapoints anolthe thirddatum
plane 

oosth one point (see 2 2 19.b 
b).I

4.The thord typoe of towiong pornt contact is used n
spherical or routtiple-crssl oSutface castings, Hlere.a3Era7 sominsoat different approach is intaboohoe&g datum

_______________________ planes is requiredi. Toong roost contacts are 90* V
contacts ajul my be either fioed or mosatole (e

F~g 2219 b
2 2

.19 l).

The loolag; poitt selected should be shsost and their 5. 7he fourth Typeof toligpont cotact- also ued on
loc-ations mast be dumsonlete on the druosieg, After the castings hasing circudar features - is the ceintring:
drasnlog Wsbeenreteasdfo podcsets.datum anioeosand deicoorthree p.ochc (see22 194e
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P. -. ,

part mayC be l oer tha to~el ee fo $a ga sas fe

twotha ricmeofa dsgt cI/.,11 k a s1ght backn
offor rlea wsn, undercut, bind holes, ecc. for translton
into bigher production yieldsand lnser inadpoe costs

reCa'5Or to say it inanother %ayrithecost: ofany cig ncrass
120: 120C5 inproporroohprdscosoKfspedtnmsi-crhcron

cherusrry.odsructive tesing or her toleratcvbands

0 ~These symbols replace longhand notes n dramrngs for

as-1 n -1.J -

C'~ ~ ...5, e., ....... ..

FIQ
22

.10 XV4.11et 11

10: -1. .11= 1

Inmgstain hc tooting point contact mosd i-ca
cr- sh riclrdius) buttn mih the eamount ofcrows ~ ClCP *

kept to 3CyattruM to prevent dening of the part fronm -

ctlrmping presssrc.Thisptcn casbcsccoirt F;&g4 (Crows 4 1-.noe

tye)nd boss the datumC planes are defined by tooling- -

2.3 TOLERANCES 4
2.3.1 General Maal
Doscerioslatsriariosis a asring cly bycaused bymny 0 awre
factors. iInst of threse factors are closely cntrolled by the - -

fondsry. i-ut minoor l1ot to tor variations do occor nue , aena.34 Aea.
result it the toterance bands defined later in this section. .e~.~~i
While it is often twoa that ts~cining toterancc ont ace - -
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2.3.3 lmirseslrent tiiigleanecsN1 TlhkcoAm Takmance (At-Alloy)
Wax or plastic immeaturee, presvore. do temiperature, A wall thicknoessn or casting Is forned by too prallel
mould or shelf comaposition backt op sand, firing ceramic oalls in the would gtage which aris flex if
trreperame, eate of cool, position of the pats ont a -tree, unsuipportedl and lead to vanatsos in wsall thicknss of the
and heat treat tetmperature -allear dreclyost tleaces casting.

j reqiried in the instment easting indusry

'Theasnountoftolteaancorequired tocosereacsprcesssep Therefore. sace the flexing of the 2-mould wall increas
Is dependeot, basically, oa the shape and size of the alirg ith the nine of the mould area. the wall shininess tolerance
nd soft varsy from faundry to fmndty. generally inereairxsn relatin to the oize of the wall area

Wsi is beeause one foundtry my specialize in thin waxiled. Therefore. any opening so the casting wall will act ax a
highly oolesrcated castings, another in msass productiont support between the msould wait. resuloog in a decreased
rcsjniienenrs.an ye aother in high integrity anopace o toteranne requiremsent.Theleast thiclneaxs anonoccuss
aircraift applimntons. atror nne wall supports, x e.a toleance of t ft 1 around ax
Tolemneeda zfor 7 1 -A Bys onI)- opening an he rmaintained regardlea of the toterace

M inimum Tol. (for mull thicknessX 103 mmn reqnuiement oftheemaining ml.
o latnicsne 0.003 min/om
o Lnear Tlerance! ;tOof5san/mmn Pot general wall thickess toleranices refer to Figure 2 3 3.a

0.2

0 50 100 200 300 400 500 600 700
Un~spported distarce of wall iroemm

Pig 2.3 3 a
55 5O~"SThe inear tolerance,; foe fmsetmeet Ca~ling bas eenw

it -- - - - - taken from afoundrysDesign Datafluid book,

2,1 1 - -- - 41 -119

Is
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forfurtherteranceforatin eaplebelms Areal toleranes teetned have been accpted by several
castng-aeftrri~-alcyishm.foundries and can be sed As an esanvle of esrnar pants.
castn~evdefom~lalfyivsannmtinfeaatureis thetoleranceofthe loftlnesurfacenats

regard tots ponsition and its vameess. It sban' acceptable
It is a typical parteofassing Area eta transpert Aircraft The vataevforlaterassesnbly

220.

Front spr01 Ra a
7 n--- - L

04t
N.2/50

to Laue io n. Tol. se 2b/5son 0igrm
Values~~~~ valid fo A-asins ol



'The following tolemace intoortcon for in% emmert cauiing

has eco taken fccmafcondiypDeign Data Handbook.

standard linear tolerances flatness (dish)
Ann enra ruM .I normal lines, Ltl. Flatness arid straightness are so closely
erancre on investmnent castings can lie as related that conf usion nay &rise unless
follorms.Up to V' = 0010'. For each the founidry arid the purchaser reach
additional inch thereafter. =e0003% Fol. definite agreement prior to production
lowing is a chart indicatiog expected Mil Std a states that "a filtnes toir
sortwal ard premiumn tolerances: once to the total deviation permtted

from a plane and coorsata of the distance
NORMAL TOLERANCES are tots,. heiwn two para Hll plan"e hetuneen

anc~ tha canbe .pectdjowhich the entire aurface so, toleranced
ardtion that tab spettfedll cast. ot Wi. In'ineariuring. the parallel
rundattlnsirtetbt n l at planes most he the rnin-o-ono distance

leg dounsiirs..Part

PREMIUiM TOLERANCES arm thao
stich reqie added opertions at

es goal, and proide for closerntttei o5
totrances on selected dimensions. .iAStdinoaisc
In the case af Premniam tolerance%. -.

yo oa btain'evrn tighter totsr. - .l---
ance tha those shown ont he
foltong chtart. It will depend oni
the atloy and conifiguration ... and c5,sn

*should be determined In clnse go- .oscoA

operation with your Investmeent W1rs eit'
tasting suppler.

LINEAR TOLERANCE Irussrv

DIMtENSIONS5 NORMAL PREMIUM
ruoto IA :007' 0The degreeo fflxtnxsxhibitdloa%
up t Li. i 00. = 03-inoestmeeol castingis Is~oalwrays d.

upt11 = DID' 1 00' Wertoried by the mrount of vioumetric
op o 2' = 013- i 008' shriohge that the was and metal o.
up t0 3' 06 S =t .010 drego daring cooling. This shriohage is
0010o 4' 019. t012' usually Ina the center of the mos and is
up toh 5: 022' oa refered tosas 'dish" lslrio.ae. dip, or

I" 'tu!of dast"). This dish "n he controlled
up to 6' 2025' 015. (premsium) by specialized tecirniquea.
.0 to 7. = 028* 016 Ottut will *lways he presentl to aime ex.
I, lo' z 031'. 017' teot. General latnesa tolerances cannot

00100' .- 03'. ie' he quoted an theyvary with rontiuoroi
op 1 'i ±037' = 019. and atll used. The following serries as1a rowthyguide In areas unidr 6 square

maxirvov irche..

varit~o, 2 40'effect of dishing

An Iiepts" sthn Stantoul taaat TIrristT4N AEO ATN
.it r th. nanl tkhkOir rival Ofe tlfire 001 to ' 004 nvc

.a ein..6uee 02.' t4o W 000?'
%-t.!l I 00O.
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straightness tolerance
Thb.-..oot of dlimbing .1owed in in ad. Satno.n wyb en -hmwt
dition to the basic tolerne. Thus on. aetn tp.o ti." A eist~l
block oft V 0 055 thick. the followiog thin. short pact .ony bend whiolen lsong
woold apply: heavy partsomy not Enperiene tells the

foa y tho gie Xdn &no bend.

A.n aoogh goide. it my be mnid that a
constnt section woll he" n aoin bonw
of 0 02V per inth. RtNn nd gusset. will
inhibit warm.s nd molt aine hindil.. the
mechnicalt trighteniog of whatever

wnpage ban ocecord.

parallelism
Casittng of pt&t which have pn..nllet
prongs sunpported only at one end. pre.
nent . n.y npeciatl-d type of prot,

n~n.,onwssaid. shnlould be discussedfullynwith the
foondry prior to prodi.

The mnethod of rxsnnoing fltten
Ahold be specifed by tbo puorchases. It
m.y vney fo- sirnple orfncer pinte saod Yobe cnntirils n Wnriet a very np.
fircles gage tcchoiqoen op to foll lnyout onali red type of peoln nd oheld be
wieth eqonlinotion ind dWn bh'catoe dincussed fully with the foundry prior to
(prenoonl. POducOt..

straightness -j
Mit Std. e states that n. toleranceme.-
t the st-athtneo of no iiis is the

dinmeter or width within wich the a..
It n ohonoo fromn thin that to crrectlyIL

mnto r. axial stirnightom of either -
hnl. her or punt. the tolerne none

(within which the AMe or noint plne

lies) _.ste ________ Since Point X In the, thickest section.

Os. no.5no n~eeOever. will be rnt,nlwd by the rassn.
of se" ctsy The resnlt In that pnrnllel.
l.. In dilt to Mantnin nod will be
00 10' per Inch of L. but can be Improved-E ~~~~l- ~~~by controltahtenndiin.Tn

rediin th in nnt nmy throughbet. usualily fWn in yh.Whlen
sgpcilnd. sucb.shoel ony c'nond
tanble hnlnn soc bit they .o Zo be in.

Wied truly concentric or hxoe reanedn.

onn.Onnn' nin.505nmm
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roundness or "out of round" concentricity tolerance
DOut of ... d" 6r deuned . the ead.1 When th lenith of a bar or tube does

djferenc betern. atrue rue and a nt e.ced at. Crponet diameter by.-
gior 0-rtfolcece Itra the total rd.factor of -.uc than 2 trn. thre oruro-
caoo readWo .ieo the part a rotated "et ditr.r unit be coo tcn with!-
50 or it -a be cabetalted by tabtg 0 WS' per wnh of aPIoroa
bulf thre differnce becre-. the me-toua
and ra-nua oondrtron. The latter tech-(0Cs
"uo .a -aaHy preferred -ro tt takea.0t~O

le- I-e The actual ethod of tiec-
b0n to be used. bowecr. should be ape-
othed by the purcbasr --

.04'013 Os11. 020"-"t ,t 000i ~ 0$ i

6~m 0.- t" arrelme.

concentricity 7 7
71-o rylndt,dn surf.oe ahr!og a .
mzoo pooit or use.as their ueoie ren
ronoaoel. Any danermona differece.1

othe loabonof -cuentelr roth repect I
to the othee at the ettot of rcreonty. "i

When the fet0 lbereda the factor of
.I L X ~too tic., then the -- ont of out of

attnr a" dmerd above should4 h~e added to the tolcerent eccntricty.
EXAMPLE

Wes-",o e~ . 2' 01) . I' ID .4' foot, SePorutron
rao~aon ra1.. ecenterety..... OW5 TIRf

Va. toy. far toob tot of -I
'trightona = 020"Tt
Totall of dtriatw ,..0 02F" Til

Th etc heo oc that out of round
-rin toeihe diamte does wot affect angularity

noontefity b-caueoaentrtoity re. Amgulat lot ersie 6a depodent 0- the
ftateeattoo atecof the dtaerto 

0 0 nreoous fonotg the aogle.
Ot aofunrsras Ia Dte more e froma_____________

a t-rucene. H.-,oe. ta a a"atoe lobe.
ttacblorsa htas -eY real M.ff ncera
W-nenttoty.

Sbeoch "A' -unot be .tted. hot I-
cerloor aa- aflt $us-ceo data ban

en -taend, Do, d.r cnn he reotbed
___________________to breif the part cloter to noata di.

Obuoury. boorenr thu ft depedet o
the attoy and Ito coodtio.

Diamtor A and B my be tour cit.
den bet ft Is& nrtat Dol out of
straighta'$a nodltfoa haa affected

caetmrety.



positioning hole tolerance
Toler....e on the peoiion of bole. an The rod-v of si cast hole is affected
boa.. is dependent upon confguation by the i.- of sae dig metal, If an
of the Parent cating. Position of bole. on .- e. rias. - adiarent. the hole will be
.to.o o the periphery of easiople. pulled 00t of eoood It the surrounding
showen urodtr concentricity will obviously metal is symmoetrical, boles op to %,
be affected by the degree of ecceoitesrty. di., tan be held to = 0003' wnoe
shown' Tb. porahon of bola. or ho.... on chiced wi~th a plus gate Larger boles
- fla plat. will be cotrolled by the moay be affected by ioterior sbrinkage or
Ioes, tol-crao.aleidly givn. pulling. andl tic. fouodry should be

A new facto. eot... here, however. coisuled
The It., m toc am bn ased orn volci
,metric shrinkage: hola. and hb-. diu.
tomb this shrinhage patteen. Ill1. possible
to oboce these toleance hoond, by about
10% when applying them to.a oonfigc...
Ico that disturb. the shrinhage paller..,
Itl. difficult to predict the exact auntwiW Aand the foundry my ishe to rework the
tooling to take full advantage of the..
bettee toleranoen

The looter the bole or the moe an
Of the section . ucid it, the more pro-
roooced the efreot. some shrinkage con.
cavoty oill be presnt to wome exteot in
all castiogn, The opeoing* at top and
holtomr of the hote will be approximately

of to~ the am, dimn-on while the center will
_l~isbe a liger diamoeeer Th.bolea which

requirne clearnce (this can be checked
usnog a plug-type gate) can be held to

Hole. xinI bn-e on. parent diame fairly close tolerance. if the largerimr.
tonr an. affected by the degree. of out of elr in tbe center in ignonred, If, however.
rondne. exhibitedl by tho porent di. the idewall, of the hole ore used as
ainter although the note. aboen -oo beaning surfaces. . simple rearring op.
gemiog beeahop of the shrinkage pollee. enalwill air. the rasl opening.
ane atil naid. The lower figure shows the effect of

A.a role ofthumbh.ahbollt cicle dimie, ahrinkage on a hole diameter when it
lee cannying hola arid hosseit will hone heavier section Is fin the proximnity of the
the ai. amount of wit of rouned-e. hole i~

t
sl. Note that the diameter -or

any other diameter, 71. . 2' BCD wai distorted doe to additional moss shrnk.
beeo.Aowtin 0 02-TlR. Th..a6beat age of the beavien section. Tb. figure
expressed a.d designed foe Ii. torms, of sbows a graphic illustration of the di
Ira. positbon. tortIo which will be peent to a greater

lb. parallel=. and atnaighto.. of or lanser degnee In every oa.lcog when a
euch bol. b a functon of the stnrnigh. heaie mass aifect. shrinoage.
n-n of the parent casing and the tahte.
already given wall apply.

tapered holes
&TAPERED WITHIN THEM.

SELVES. The niot.. above are appl.
bl.. We rec"Mmeo that such bol. be
dinenaioned at the leaer diameter arid
the angle given Thb. angle can be bold
to =i/ ..

B TAPERED WITH RESPECT TO
ANOTHER FEATURE. Here agai lb.
Ooteao. ole.apply.Theiangle from-ay
given position miff vary I



curved holes
Since cred holes are formed by either ue
soluble w.. or pee-oeroed ceramnic co-s
the -io*]u tolrance tend. to be do.-
bled.A facto o 2 timessisosbe pplhed
to the toleranc on al1 dimsensions con
trolig wnh . featr,. Sice such boles
cannot be nisei. . diamte toleranc Of

±OOSSY per inch also applies.
Rf tad,

Linear Toterisce x 2 Toirran.

Tolerace n

angular holes
Sinc thee boes ae nsisll foned b

bolecan e sied. o fi lesa di 2oeafn no

angulr tolec f±sO~prio
ms'it heosedh?. i ,lyf db

mneral r ii h i e. oe n'1.o - aisca rt Pl.-,
Tes'eti nouvd ay be gno apl widee raes hinaeagi
ad.Itolerance poibonThe are dusuclyrn nte-e h atrdu ed
tocoole t od cantinly- he cheyohed ap.irite( iur,2,Th ,.
heole y by ad usIi gags. or, at a, ad..ts in.d

cotelu, radii fndlcms
ATesier mboldalys to dsin ad
traos or casstin aheyld ndmln
thaotro uin tcoonyb prce spl.as srO
me.Itric yrsnage Cog.. or hat a
oto.- by a. oicastn conaet i

eanusil Iltradi and cndmsd (ee
to dscione o lato The sam con.
cadis efet ar snoulrd underscastd
inthat baon te conrcatssb more
dramaic lskg oour coness hadis a 5tsb

centera acidt tou srtieostaSued by

toe dimensin of I The siste cast
raitens toZ dree. teae dimeiast.
itg tat rseo concriu. bu(soe
draigcesut ), tbe. desgne shul oar serf.
J.enc ri ois dippesions nwthT*--0--1 .

catst rinkag to c tbe bai h g physi.1 0 110
cal siitr. f he c osting. healwt
ingoaldhrnllbyningfo a ole rancs.(oe

hand n the radius Itself.



For further tolerance informaotioon eeexamople belowr A
perpendicularity real castiogmadc, from Al-altoy is rhoin. It is a typical pain
Mena perpendicularity i. 'epe. the of a ssing area of a transport aircraft. Ibe tolrnrces
refeeece aoe shourld be thre loos~e, of meationedhaveheeuaccerdyseverlfouodnesrdnda
the two plase,, the t=tt plane to be licuscdasasexa spleof rrmilarpnrtrm
entuhlihed by 3 tooling pont.

In drawing of thre mating at right. ane. 'Meomain frntureis tetlrancioftre lot-rcsurfacewth
fare B woll be tpereiular to srflace regard to its pston and its sautnest
A witthin 0008* per V. of leirth of aur.
face B,

Enu.npt, Length of B = 3*
0 008 . 3' = 024'

Tbeeefor: autface B shouldbe per
peod-rlar to surface A within 0024w
TIR Some ioaprovenoteot onr oloe
cooi be effected by Mahtevrgbtoo

Thet tofecec features abrove deirrori fan also be usedl for eia O.r. rs.ssn
the frilosing cartjnl proccsses They differ only tn their ~ Cnetoa~n otn

As described in Section 2.3.4. the overall tolerances for
2.3.4 PiroiunoCsting corrertiool Sad Castinghase Ihr saonpins Ifovurser.
Foe all casting methods, toleranrces depend on tire material in marry CAse there to no need for very low tolrrances. and
usd for trooing and for tire moultd so tire conventronal Sand Castorg process itits cheaper
Meraltre touling has ahigirf accuracy than tooinrg esadeof ton1ng and mould matcrinl also has itsaypphenoons.
wood. Biemuse runny steps are required fronm the first step
for the tooling up to the finished cartirg. the oseral
tolerances of a dimoension are the runs of runny single
voriationoslbkm
e Vaniation of the tooling
*Vaiaoson of thenmould parts.,-

nVariations occurnogl dringtmould assemly
" Exansin behasiour of the mould during beating I
" Sirtinking lihaiou r ofthe cating aloy.
'Thte 11 ay nt obe comnplete.but it givsnan ownriesnof the - - - - -

toferanicsubich %rill anse duringthe canonsg prcess.
The folltossing diarm sioslinear tolferocefeasihle ono a 0

I'rerrumCsting

u~i1~ TT

o LincarTuderaucti 10.3rns.mm
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CONiCLUSION explains the ono Sctions of each contry for the
The toler'nes shon an this chapter for Investment., asmtnl opnrn
Premsium and ConventinnlSand Castingare only meant as$
guidelines for the first design step, brecause the capabilities
of the foundries differ sloghitfy So, after considering this
chapter for the pee-design, the feanhle tolerances, neay be 2.6 SURFACE PROTECTION
determined after discssion with the founmity speciatists -OayicrtesidilalpoetonStmuuly
Anotherpmntisthefact thttegeotoetryothecang also Gerlytcnh adta l etee ytm sol

hal gretinfuenc on he tleraces.for At-alloys crealso applcableoncsingratenals,(A356,
lsaageainlneccrnthtoerncs.A357lAomvveperenehassh lhatsometreamet

Bint at can be Said that calligs wstlivatatiens acceptable for parametees have to he chsanged for the so-called dotomoc
nearly every Structural revoeemtscannbe produced acid anodiseog pracess. The reason is thehigh propotioneof

Silicon (approx.7%).

2 4 SURFACE ROUGHNESS
Theecastingtnurface directly dependsmon the mould material
uased for thevaeriaas;castngmethods, 2.7 AI)DITIONALIMTAON WORKSHIOP DRAWNING

a) Imetent asntinrg Toasost the foundry in reding an accurate cost estoosate of
A nax model of the callig, prorduced in a metal tool, a costng, cotton information should be on the drnang an
nil he diopped an flnsd ceratmcmateroal. atnels farm the formof nates.'ns; is also necessary durng production,
the fitst skin ofthe mnold,13ceanseof the fine-grained whinle dies and teoloag are heing made. durong casting andk
cramic ponder. this first coat is very smoothan afterands, forrcasting inspction

ectly reflects thesurface ofthenanmodl. Forsvlnes The followsingnotes shonld ha on every casting drang
See Tnble:2.4 1.Dsgae/oneiotdeo

b) pjemia and Caogl rnoano rd Cnnng' 2 General talerance information
1l-RnMed Graphit Coang. 31 Follet and coreradii. sifnot specified on the drawing
Blecause the casting surface as a print Of the easting 4. Typoeofrmtotg identfications tkinkg
moold. and in this case the mould as maide up of Sand. S Sneface rooghomas
the surface rooglnean is lnglser than for inemn 6 Patclass
castng. Careful selection of grain sa= and additional 7. Matil speCafratn
cooling of the mould areas gioe the casting sutface 8. Ilcot treatingspcifcrahan
Sufgficn omesomcatreneprcto 9. Mlechamical proprtis
For salues see Table 2 dl tO Inspection Specificatian

.1. Finalf'mrshofpart
12 Areas whereano repait by weldintgispermitted

TWOi 2.4 1
Surface toghnsns doeVon c'the canlt process

Al-111t~tC.SIN .6 3. W i s -125RMS 2.8 REPAIR

Mt.'erltn sw carrles 6.a ra r Ma Rya 28.1 Repair bythe Fonry
Al.C WIM4tea lSe Cratror 12.5 aw or se M If there are defects to the casting structure at as generally

ra~enrtsrt.Casal .1 ar 0, alt M peassnsstle taeo rrhemhbywlding
raIa,aeo Ceatott tattNe 61a Wa 01 250 &S a) Ilecanse for Simple, sod especially foe comples parts.

stedong rae plane before heat treatment. there isano
reduction of the mechanical properties

b) A repar Specificotio sahonld he prepared that show).
defec sizes and geometnies sshich allow repair by

2.5 NIATERIALS weldng.This repair process hasto bdoehyqulfied
This reclin laes brief informtin on costing materas ssorketa(illhcmfictrns
nsedinathe intcaft indarylindhtsaehasical ptoprtes Weld stpaits. usng filler material of ahe Same composition,

Ite figutes giver waill help the designer to define, the asrheeastingehbitpaenmtanncfooncalpiroproseis A
nrecessary malerrol and ao dcemnne rouaghly the wall rypical aelding Seqluence' as follows'
thiackns Of his part in the early desaga stage. This ia
important with regard to castint method. hearit has been s1-ter mo ar. a.. ...
rnticed that the precise vrloesof the mechanical propertei-o..a
ddffer fromsfondry to fonndry and fromeountry to ont na, I' jero
(ace Chapter 3). *y 0 o.e 1

Arrtlacr chaslicteratr ia the factahat every country has irs j I a. - a.a rr-

osan Material Specification. Therefore Figure 2.5.2 shows
rhe Wnaterial Specifiestios Compriisonl Msltrx!, sahch t s-m.500 rro.



Table 2 51
Chemi ,-a Compo nmonof A r thvm Castog A " <y A3 , ,

A357 A201

ELEMENTS Othe rs
Cu Ag Be Mn Mg Ti F. S. Zn ech z AT

AU.OY ) %) (%( ( %)3 305 %) 5%) 3%) 5%] (O (%f 5%) 5,* %)

A 3 5 6 f o rm - - 0 ,2 0 - 6 .5 0 - -

(32374) to 0,20 - 0,10 0.40 0,20 020 7.50 0,10 0.05 0,15 Al

from 0 - 0. 0 0.00 - 50 - - -

to 0.20 - 0,07 0,10 0,70 0.20 020 7.50 0.10 0,0 0,15 elB

A20 from 4.00 0.40 0,20 0.15 0,15 - . . . .
to 5.00 1 _00 - - 040 0,35 0,35 0,10 0,05 - 0.03 0,10 B t

Q"2) 553 sJIS psCS P S MI. 5 5x4 IK
I 

I .....

t I 

I

L

Fig 2 5 3 OnuednmM rpecdaho the v eou c ound t res

$,Sf~ll i,Sltei A,,., ;.5,ilimitti 
Argt 5 l55

° 1 ......... . 515'
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1, Complete removal of the defint bry grinding or 31I2 Phys ,cat Data ofAl and Ti-Alto)

2. Re-exaigrintioa by radiographic and fluorescenit
penetrant inspection to asure the comspleteness of nOtT$ al t4i0

removal. a0. i4 ,
3 Degrease and chetmical cleaning lbaIns , o
4 Weldinntatmossphsere (Argon) glove bo. 0 ./w. so-,o$i ±4~tat
5, Vactium beatrtreatmrent, 0,c ,o0 *f.r ' 1 t $6 1.40
6. Planresceot penetrant and adiographncnopection.1 Wiillt 4I11 40 92 n 5o 1

repaired anr Too ."a ~ i~ ,1

2 82 -InServie'epair oy ia Tt I 0 $

Parts integrated into the structsire by rneling should be
repaired byormeal methods used generally oo solid patts
andinaccordaniemilnthhAltlil(AicraftRpialryana) T) s4* TM it
'Ibis mseans mostly that re-ioforceosent is riveted to the ai .1 tan WTai~
cattit the dfe vocrin. 31 . s 01.,1

3. TIIECIIANICALDATA 54etiaT

3.1 GEfsERALINFCRNlATIOV

3.1.1 Iatrnatial l iocoiad Units It onso Mto

is necessary to detrmtine nor systems for alls variables to this
chapter This system is the ISO (Inlernaloal 3.2 MNATERIAL DATA

Stmdrdistio Orgnizaon'Thus section contains variables of the aluminium alloys
.Slndodislin~ramelio).A357. A201 andthe titanium llo1 Tt.6A1*dV 1cscalloys

Ilouesnr since many soures air USA Standards, the are ilablefor aircraftslmctueapplicai.
system vititsunits is also tabled belos For compatison of the matetrial spectlicaions and chcmical

compositiont of the meetioned alloys se Section 2.5

Inn t 'W'5 All voriablesshowsa for Rot. RpO.2 are spectlleatton values.
0OTC NOTATtON MT raTATtrr ot nor A. and Bldesiga allousbles Actual guaranteed values

-- - - shoud be cstablishesl for each coging fry agreement
St~t - - - betw'een the user and the founrdryltis advisable todeine allft$tTOt a. r Fton KI T desetiptiso data on a spciral slabt shect, fot csamrpte-

t~s~tnt~nn O - -Position oftestbtu.tyse of test bar&. Rt, RpD.2.A and so
0,2I4 O twre" lee n. and to obtain agrecemeit about all points vsith the
00 twriej I 'll ItttK$ foundry. This agreement has to be part of the contract
0T.Tt~att betweenrhefoundryand theuser

cd. '.t .c r__. - $ - Wit the casting methods it is better to control the
tTTIOt1dtrr 1 M 1. .1dn r50  Ktt mechanical properties of a pott rather than the process
W51, stTrgth Tait N/. *7* *7 mcihisdThis faetshouldbWcused by thcdcosgecrs, forcosr

roots P.MutS (Ionon I 0/.' I Ktt
- - - - 3.2.1 Ileeftanieol Iopertles

Years's5004 Pt 5r. l (CV. t /. MW (I tt Table 3.2.1 sliosis the esclijoical properties ushich the
Ste., 6aua 6 olK I ot foundries ran achieve.7Thes data have been estractedt from

- - - - many docunsents literature, foundry brochures etc. Soe
latssan Wtt 9 V valuestorenot janlablc.beea o innformation as ai and
lttnnos at rFetl- A .a or obecause testtshasve rotyet beenodone.

;I-",rare 11C =1C
0
/ 77c f 3.2.2 Sratteororltgarseaae

TflT strs, Ti Nivii- Allmetalietstenalsbsh a certaiosof tensile strength
$t-O uosns ___nier the influence of elevated temperatures This amunt
AM %M tr~~ el ""~a se K311 diflces from materia to material. bet there are also somse

to-San~~1sc 0455 o ehraspectsathatinfluene ohesdecrease inoarngt

Sa) Time ofexposure to elevated temperatres

a~ns~y gIn' 00104 ) [f eat treatment conditions
-- - r) Wall thiclasess Oftcagting

1t /n't o we) The follossinfi diagrams can be used only 3s esnoples to
C. K/-V. - 31rt Ws.M ~ shoowthe tendencims

1i
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TWOl 32 4
ABOy A35746 (SouceAlooa USA), TypR ten apical propedes a, vannas tempeatures

( -. ~~~~~Tcosile Properties ____________

TAe AtTemspatuce Indicated At Room Temperatn re After I Yeatng
Temper- At

ature Teep.s Tenaic Y~ed Efong Mosnltsof Tensile Y~etd 13 g.
(hn) Strength &rengh in 4D ElastictyO0 Strength Strength 6n4D

(Psi) (pa) (percent) (rnithon pa) (pa) (pa) (pecent)
452'F

-423T'
-3201' 62.00 48.N) 6
- I12TP 55.)0 45.000 6
- I61' 54.00 44.00 6

2121' 46,0 39,00 10 46,000 39.600 6
10 46( 3900 10 50.600 42.6000

100 46.00 39.0 10 50000 45.000 6
1,000 46,00 40.O 6 47,000 42,000 6

10.000 48,O 45, 6
30 14 39.00 35.0 10

10 41.00 37.00 9
100 42.00 46.W 7

I.W 38,. 36.0 7
10.00 23000 21.00 201

3501' '/, 37.00 34.O 7
10 40.00 38.0 6

100 33,00 33,00 7
1.00 22.00 26R 19

10,00 13.0 1.00 35
4007 V, 36,00 35,00 6 52.00 451000 6

10 30.00 28.00 7 44.00 38.00 7
100 23.00 21,00 23 35.0 27,00 9

1.000 12.0 10.00 40
1 00 1 00 7,500 1 50 11

4507F 4/ 31!00 30,600 9
10 19.00 18,0 13

100 14.00 13.0M) 4$
1.000

__ 0__ 0 10
3901 '/4 23,000 22. 16

10 12000 11.000 23
100 9.000 7.000 55

6001 ' 10.000 9.300 35

10
1001 1-

10.000

(1)7Ilnmodulus otlasicity in ceeprevion is abeout 2 jvrccnlgreatr thnin tensioo
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Tsble3 2 5
Aloy A357-T6 (Source Almoa. USA)

T Time Strcs Rupturrcnd Creep Properties Fusgue
Temper. Uder Stress fo rpr ead Creep i -v e Lnd,ated (fs.) Propertve0)

ature Stress -.
R Rpture I 0% 0.5% 02% 0.1% No of Stress

Creep Creep Creep creep Cycles (Ns)
751' 01 30' 41.000

1 30' 31.000
30 30' 22.500

100 10' 16,000
L.ooo 10' 14,000

5x 10 13,000

212"F 03 30
I lo,

10 10,

1.000 30'10X 10'

3Wo' "01 1 Io'
1 101

10 10'
1 00 0'

1,000 10,
0x 10I

35o'F 01 36,000 35.000 35.o0 32.000 3.OW ,0
1 35,000 34.000 34,000 31300 30,000 lot

10 33.000 32.000 31,00 29,000 26.000 10'
100 25.000 25.000 24,000 20.000 30'

1.000 16,000 16,000 16.000 30'
5X 10'

400"F 0.1 30'
I 

s

0 10

100 10'
Low 101

500T 01 0'
I W~

30 30'

3,000 30.
$x 10,

6001 0.3 10'
I 

1 01

300 3
t
'

1.000 30'
5X 10'

(I) Basel on tre results of rotting beams tests at room teepreaturc and cantloscr beam (rotating load) tests at
eklated temrperatures.

LL, iw
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rabie 2 6
Alloy A201-77 (Source, Alocia, USA) Typcalmercea ptopenas at vamus tenlpeatutes

Tepr- Ae At Temtperature Indicated At lRoomnTemperamre After eating
aTmr. Temp -s. -el Elon - ouuo - crl - il El- i

____ __ (Pt') (Pt) (pereent) (miiopi Psi) (Pt') (prene)

-4521' 93.0 81100 7
-423*F 93,00 79,00
-3201' 89.00 75.00
-1121' 77.00 70.00 6

1 81 74,00 67.00 6

75-F 72.00 65,0 6 1 0.3 72,0 65,6000 65

10
100

1.00
go___ 1.000

300Tp '4
10

100 64, 57, 9 72.00 65,600o 6
1.00 60, 54.: g0 70.00 6 1.000 6

1___10.000 5800 52.00 6 60,W 96.o 4
350,F 14

10
100 54.00 4900 0 6800 61.000 4

1.000 51,000 46.060 8 63,00 57.00 4
___ 0,000 43,0o 37.000 9 ___ _ 58,00 45,00 6

100 46,000 42.000 g0 66.00 58000
1,000 390 33.00 16 S5.0 44.00 4

110,000 24.W g800 25 41.00)0 22.004 12
4561' 1/

10
100

1.000 22.00 1.0 25 472.0 22,00 12
10 .000 19.000 23.000 25 37 18.M00 13

10
1.0 16.00 13.000 25 6.000 20,000 12

10,00 140 01000 32 34.000 17.00 11

100
2.000: 9.000 8.000 46 34.000 24.000 12

___ 10.000 6 .000 6.000 SI 29.000 12.000 13

(1)lltrnodulus in elastiity in ompessionis about 2 percent greater than in tension.
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ToblO3 2,7
Alloy A201-T7 (Sooe, Atcoa, USA)

rimo Stris.Rupmreod Creep propertes aiu
Temper- Under StresforRupture and Creenrim nedicated (pmr) PtopemmOs)

otr're Sires$-
(h) Ruptue 1.0% 05% 02%A 01% No of IStress

r) Creepi Creep Creep Creep 4dmlc (pse)
75*F7 01 10

100 10'
1,00 10,

2121 0.2

10
100

3001 02: 20
20'

20 57,00 50.O 50,000 53.00 52,000 Iw
200 S2.W 51,00 50,000 49.00 47.00 20'

1.00 45,O 45S00 45,00 44.00 42.00 It'

3501' 02 20'
1 50.00 40.000 20'

10 4800 47,00 4600 45,00 43.000 20
200 42.000 42.000 41,00 39,00 38.000 10'

1.000 35.000 35,000 35,00 34.0 20'
SK 20'

401' 02 I20'
1 42.000 42,0 41.00 40.000 39,000 20'

10 39.000 300 380.000 36.000 32,000 20'
200 33,00 33.000 32N 30.000 25.000 20'l

2.000 25,000 25.000 25,000 20'

4$OSN 2f0'

451 1 0'
20 27.000 24.000 20'

200 24.000 24.0W 23.00 20'

2,000 20'

S01 02 
0'

10 21.000 20.000 20.00 20.000 20'
200 20'

2.000 120
_____5X 1N0'

0001 0.2 20'

20 w0
250 20'

2.00010'
j00 J ____SN2'

(2) Baseed on the reslt of roettig brom tests at room temperature and eooelr'er beam (rototits 203d) tests at
elesoed tereperatures
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Tabte 3 2 8
Alloy A20147 (Source Montupet. France) Tensle strength at varees temperatures

Temper- TensilclProperes

Test ature at the temperature stio at raom temperature
temper- main- ________afterprheat;ng,
atre tenance Efasrsty02

ime U1S 1S02 Z% module 75
(hours) Mis NIP$ MP Is

-244"C 641 558 7
-217"C 641 545 S
-160"C 614 517 8
- 44'C 531 433 6
- 8C 510 462 6

24C 496 448 6 71.000 496 448 65

I49C 100 441 393 9 496 448 6
1,000 414 372 10 483 421 6

10,000 400 359 6 469 400 6

177"C 100 372 338 10 449 421 6
1,000 352 317 8 434 393 6

10,000 296 255 9 400 310 6

204'C 100 331 290 10 455 400 5
w,000 269 228 16 379 303 4

10.000 165 124 25 233 152 12

2M2C 100
1,000 152 103 25 253 152 12
10,000 131 90 25 255 124 13

260C 100
L000 330 90 25 262 139 12
10,000 97 69 32 234 117 if

316C 100
1000 62 5S 48 234 97 12

10.000 , 55 41 51 200 76 13

1 NIPa- I N/mos
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Table 3329
Aloy A201-T7 (Soxre Moetupet, Franoe) Uierrate setreh proerties anel creep deforrrrtirr

Utrsale strength popeis and ase deeesaton

lesl xposue 2J~rate strength stress and creep lleformbar
lemperalvre (in Os) at eadI s eeset

Uttasrrate
stegh Creeping Creeping sseeping creeping

stress6 10% 05% 02% 02%

J49C 01

20 393 386 386 365 359
100 352 352 345 338 324

1.000 320 320 310 303 203

177*C 02
2 345 331

20 331 324 327 320 296
200 290 290 203 264 262

2.000 242 242 242 234

204'C 0.2
1 290 290 283 276 209

20 269 262 262 248 222
200 228 228 222 207 272

2.000 272 272 272
232*C 02

20 206 265
200 265 265 259

2.000
210V 0,21

1 14
20 1 45 239 239 224

_ _ .000 _ _ _ _ _
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fnresineren Castr6A-4V (fox A201t) do not always result in improsed fatigur
Sou~r flovioret Turbine Components Corp .Ti-Cas. [De. esistaoce coommenosurate with lire previously descnbe

iosprowet in fracture roughness Increased Purity level
Runem and elevated temperature tensile propertie are does o. $or insace. produce moy appreciable
suosesanee io Figure 3 2 10I Cast strength iv s i good iprovemen is notceds or smooth S-N fatigue strength.
agreeunt with wronught behaviour. Ductility, soluir Inu~r '
thau the urought fotes. less ben eohancesd by HlIP FATIGIE DATA
Processiog nd is not coespromiised by the troosverse FOR THE ALLOY A357TO
property coderatious, that arranticipated in forgingv Fatigue Properties, Report lace. to 1) (htllB.Report)

The figures 3 2.12 to 3 2 45 shouw the results of fatigue tests
C ~speciesof the alloy A3 57-T&.Theeardiagramssof the~roo toooso 20 40 ~ ~ alloy A357.T6 sith tests msade froes invoesent. sod

-1000 10 20D300 00 S 600 convetihonal sandeastiogs. In Figure 3 2 11 are pictured the
1200 - test nban used for the dvfferetKt-acrsThe fatgue data

1W argiveninHaighsondWelderdiagramsAftereachloigh-
csxa~soinfigure followss the Ntoehtec-leses belonging to It. The

)OW Ito ut~ TqSRE NGTh folto\uingvalueshaveheeconsidered,
A] alloy A3S7-T6 Investment Casting

_ 20 Kt- 10 iguri,32 12-3235

tX Al alloy A357.T6 Coo. and Casting
60 ~~Kt - I0-Pigurer3 223- 3 227

80 Kt -2.5SrFigur 32 28- 3 231
OnOEOOSIKt-36uFigure:32.32-3234

STAENGno AlatloyA357.T6 Premisum Casing
40 o- 0K r- 10Figure3 2.35 - 3238

at ~- 2Z: Figure 32.3 9 -3 242

20 o ocurt0e~ 40 Kt - 3 6- gure 32.43- 3 245
000 Of further moterest ts the esatter of fauigur behasiour of

so~1 ca- sting to compartison wiith that of normal wsiought
t terieals. The Figures 3 246 to 3.2 48 showe this for the

nor al ~ oready mentionednrotcacors Xt - 10,.2.5 nd 3,6 The-L 0 00 0 2400 0 00010 tressratio for al threediagras out thesamee R - 01

________________________________ Additional fatigue testdata for allo) A357 ueenprnvsdndby
Crcast sod Almoa (Figures 3 2 49 nd 3 2 50).

Fig 3O 2 10im1

3.2.3 Fatigue Data fro

WAith the increasing use of castings tn aircraft structures I
there no strung need foe fatigue Iata beyoed tenrsl L.7 j~~.....L

'ouoo he muechanicol properties. The data shooo ' n
originate (roes the vatious progesos of different cotues L 1. um. .isedae
or they arc token (roes foundry specifications. All the tttO etWsnaiO~,ti.
references urhsted at the end of the scon
Octeeraieo bout fatigue
Aluovliuedosnot exlhit the sharplydclined fatguekunt
typicallyshowinbylose-carhein steelt S-N tess. Frsmiiuth
or notched coupons tests. %shere lifetime is governed
primraily by crack initiation. the fatiguereitoev
expresisdas afatigue strength (stress)tot a Oven number of K.$~
cycles. In tests %ohere fatigue crack girowth is of interest. the
Perforimance, of ailumiunium ts meaisured by recording the
crack gnmoth rote (da/dN) as a functin of sttess intensity,
range (AtK) See Chopee6.

Yt is generally knows that alloying or beat treatment that

strength of tureinues. I loree. the design of alumninium ereV9.
alloys to resist fudlure by fatigue osecihls has not 1
proceeded to the same, extent as for fracture roughoessLI

The effect of large cnstituent particles on the futigue 13.3.4 _________

behaviour of high-strenigth alumsseues alloys is bighly
dipeodeet uon the typ of fuogue test or stress regome Pig 3 211 Test specimen uccordaIe to Regoit
chsn efortheevauatint.Reduced iruas !con conttets -IM61/71.181W
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Prowbiity Of Su"IVOI 50

Stress ~ $C~t cooenT:Ms Issor 4-

Sttf It

RII

L- -A 2802213 I



2 00.

50

90 .

30. ----- Investment Castin
In PS :503' A357-T6 le

so - - PS 907 Thickness: 3mmo, machined -..

40 Freq .... = 20 HIZTep ....= RT Ft 1 01
.0 Net CoSection -0,

10'11i'1

Cycles to Failure N1

F19 32,14
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type55y Of 4~5 M S 5

400 ReSrse, lecer eq

(W-r." Stres 4-, NJ-w? 1-1ts.- M... strts, *(), NJnrp

Fig 3 2.16 Hago isagram
Maleola A3S7-6t~eestnrret CaSswg

Corimntraton Fac50 K - 25

Investment Casting
A357-T6
Thickness: 3 mmn, machined
Frequency: 20 HZ

a20

700

60 Kt 02

Cyle toFil0

pt 323



I investment Casting
A3574T6
Thickness: 3 mmo, manchined
Freguency: 20 HZ

0 F4 -1,

10 ' 1 0

*00 .. . . PS .10 :s, In e 0e t 6 t n

60PS - 5; Thcns:30nocie
50 Freq...Z oH

20 Te'T: I II IiITt--- S

Cycles to Failure N

Fq3 218
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Pro0.bility ofS1 41~ Ps so %

004400 CIS'""595

~~~0501.- ~~ ~ TY * load0 Axial0,Nr,. ,~o.5en ~ ~ 54

PS03S2.- FWaigh4eag"
Motenal: ~ ~ ~ Y A3ST-tnnA~asn

I IceI AO~ Ioo 43

R-? Freue0y N0 O

S. is0

0 00 3000

Cycles atio Failur Si-

20022
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200 ~Investce .t tae.stin g
A357-T6
Thickness, 3 w. machined
Frequency:, 20 HZ

)01Temu. , RT
90 Net Section

$0

30 .. PS.O0

10

Cycles to Failure x

F~g 222

P~owbinit oef On, I,4I PS So %

Referel.ee 5-Womn * tt

0V ype o f 04 ia

F$g3223 WST: Program

Malee& ~ ~ ~ ~ KU A37TFCe. e Cn
Ceecnoatnfacee: 7A-S
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200 ?00

09

8e 0 
80

1,0 7
60 ----- 60

o Cony. Sand,,Casting -- , s o
A357-16 ..-

40 Thickness: 4 mTW, machined . 40
:Frequency: 20 HIZ

?2 S 'Temp. : RT .... 2.... .. . 0
Net Section

20 20

.PS 50".
PS 907.m

Cycles to Failure U

Fig 2224

....... 1P
PS * Sc.
PS - 9.

too 100
90 90

80 *.80
70 ~ 70

0...................... .. 5

Cone. Sand Casting 40:
20 A3574T6 ; 2 0

Thickness: 4 m , machined
Frequency: 20 HZ

20 met Sctin 20

10' AD ~~
Cycles to Failure N

FRg 225



0

500 5*IO 00

40S 4000

360 ...... -PS -90% 300

260 200

100 ..-. ..... 100

900
"0 cony. send casting=_~ 0 A35746 7

Thickness: 4 mm, mauchined
50 Frequency: 20 HZ 5

40Net Section 4

30 IF 10 . .... 30

Cycles to Fai lure N

F~g 3292

200 200

PS 50%

-~PS 9"'.

100

S70qN 70

40 .O. 0 40
S Conv. Sand Casting

S30 A357 3Thickness: 4 ews, mnachined
Frequency: 20 HZ
Temp. : RT

20 Net Section 20

Kt 1 0 o Non-machined
!R 0.1 a Machined

Cycles to Failure N

Pg 3227



rObility of SofoloI PS So t%

AeP iort Section ret

*t' ,~ :Test TOpert~e R T

F'0322a tlaT:t-Progra

Ccototor Factor - 5 2

0 10 0200 30 0 D

200 50
PS 10

Cony San Ca.ting.....

70 705.1

10 1001
Cyle to _ Failu.re 11

Fsg 222



200

PS 5 0%

1000

700

6 0 60

~~0"
C onv. Sand Casting- -----

20 A357-T6 3
SThickness.-4 mm,;eachined'
IFrequency: 20 HZ 0

lo' 10~101

Cycles to Failure N

F.9 3230

500 1 500

400PS :10%: 400

350 ~ -- PS -0,% 5

200 200

' 0 Co a id Cesti ng 80.

7 eonvSn at Thickness: 4 mi. achined 60
5o ~ Frequency: 20 HIZ ... .Z..~o.....-. 50

Temp. :RT
40 Net Section -04

10 t -2.t

Cycles to Failure N

Mg 3221
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PTo 4b1 15 I 2.S. 114$1

200 .10 020020 30

Cony.W Sand61~x Saostingn

~ Thickess: 4 nmchnedtnFair 3. '- -

90ot

Cyoe toFa0rei

F4g 3.0
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200 200

....... PS
ps 5c-.
PS 90%

100 too
90 ........ 90
eo 80
70 70
60 60
50 50

40 .0,

CoAv. Sand Casting 
40

7nd

30 A3 7 7
,c 30

C-nv. S
ThIC n6ess: 4 cyi, machined E'357 '6 .' 20 HZnes Y. 4 .chln \ Q-7 

Castin

e RT
Frequency:,20 HZ
T Temp. : RT ...... -------
Wt "t ion Net Section 20

Ft - 3.61

Ioj 10

Cycles to Failure N

Fg,3234

Probsbility of Smi #IPs so

4. Atft"'Kt WtI. "t

Type of 1044 mal

% & -- -- Test Tmrwm AT

$CNrct WST:M, vmqa
M88 8 rm

Ie, 4 $ftIM A.A

IL

C.
R

Ks'Mifl '04
R. , 110 N.4 $104
APO, 250 W-,
AS S % Q

OnItty C14st omm),

m 0 100 200 300 400
(wr "IwsI'M -0 NI-2 Ulm .06 NJ-?

Fig 3 2 35 HaIgn DW&m
M&WW: A3S7.T6/Pteffwm Caswq

Conoentrawn FacW. V - 10



90 90

40;0
Premium Casting

30~ A357 ..... ..... .. 3
Thickness: 4 mm , miachined
Frequency: 20 HZ

20 Temp' : U2
Net Section

I t 0.1

Cycles to Failure N

F~g 3236

2005
-------------------PS:o

- -PS .900------...
100 0l00

- so n o
710 -.. 70

4)so .. n

10 Premium Casting9 
40.~

A357-T6 " __ 2
2Thickness: 4 mm. machined 3

20 Temp. : RT 2
20Net Section 2

Cycles to Failure H

F9 3 2.37
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S00 500

400 ....... on 400

0 S9%300

201 C 200

loo t00

- 70 Premin atin 0--
70 Catg0- 70

00 Thickness: 4 mn. machined .---.- 0

50 Fre~uency; 20 HZ 50

40 2e' :R 0

20, IT II ib i

Cycle$ to Failure N

Fig323 8 ~h~g~

Concenoaton FSctoe: "t-
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200 '-200

PS -5so

isoo - " > "-*. -- . '

. 60 60

50s

400 40
Premium Casting 0 -,00

30 A357-T6 . . ..o... ... .ed" 30Thickness: 4 m. machined:

Frequency: 20 HZ
Temp. , RT

20 Net Section 20

Cycles to Failure N

F.93240

200 .. 20C
....... PS I c-.

-- PS "0*

00 . .. ... ... ... 10

0

0 "" 70

50 .. . .... C- . . . 5C

Thickness: 4 m, machined C-
Frequency: 20 HZ

20 Temp. : RT 20
Net Section

' J ' R 0................. ...... '

Cycles to Failure N

F. 3 2.41

i ! ' II.



00 500
400 .... P- : 400

3~ PS go00 0

200 2 S.0 00

90 -c . - 900

60 Thickness: 4 Mo. %905109d- 6
5o Frequency, 20 H1Z. - *~* ~ 50

li et Section

20 121...-'3

Cycles to Failure N

fig 3 2,42

P,009011160 of Ssr P, so 09

rest To eaf e 1.14r

'Meoooporr K, 30 40



2001 200

100. .... PS.. IC%•, . 0- PS 50
- -PS 90.

-90 00
80 . -. 80701 - 70

40 Premium Castinng g .... ,-

30 A35 -6
)0 A37-1 . ' . . ........ .. . 3o

Thickness: 4 m, mnachinred 0 0 ...... 0...Frequency: 20 HZ "0'o _ .

Temp. : RT20 tet Section

'°10 ' . . . o . . . .. ,... 10 . . . b
1 ib0

Cycles to Failure N

Fg3 244

200 ..... . .PS00

PS - 50 20

.. . . PS - 90%

l .... ". P100
S90 9.*0
801 80~70 -0 70

" 60 60

s°.o 0.

Premlu Casting . -.- -. " ..

29 A357-T6 .
Thickness: 4 M, machined - . -o
Frequency: 20 HZ

20 Temp. : RT 20
Net Section
r .36

io .. .. b ' .. ....; .... b . ... '
Cycles to Failure N

F-2 3 245
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0ol 
@

® 2024 5 m Sheet

L 7050, 1 m Platte Pechiney

(5) 7475. 1.6 m SheetPechiney

(E 35756Corry, Sand Casting,

propabnlty of Survival * 50 %.
to 1

K
T  

w 1.0

I* R "0.
RT

Net Section

it 1. 1.1 o M ?o . 10. 5

Cycles to Failure N

Fq 3 2 46 Stoss Cycle kes gaton
Cov rsson of Casng Alloy A357.T6 wth Normal

Wrought Malenats (KI - 10)

i~lLI



0 2024. 5 m Sheet

02 7475, 1.6 m Sheet,Alcoa

Ao351 Sa1 Castirg. oxciiM

Prpabillty of Survival * 50 %

MI K -2.I

R -0.1

T,, II, ps Ms** O's

fito

Cycles to rai lure N

Fjg 3 247 Sess Cyc Investgaton
Cwe ron of Castrg Aloy A35746 wmth Normal

Wrought Matenal s (Kt - 2 5)
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SA35706
Sand Casting

@ 7475, 1,6 m Sheet
Pechiney

5%) 7075. 2.3 m Sheet

@2024. S m Sheet

Propability of Surival 50 %

XT -3J

Net Section

....., $- .... ... ?9........... , .. ..... 1, 2......

Cycles to Failure N

Fig 3 2 48 Stress Cycle lnvestgawn
Ceenpanson of Cashang Aloy A357T6 wth Norma

Wrought Matenats (Kt- 3 6)
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Fatigue Properties Report acc. to 2) (CercaSt Report)

1000=
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64 Fatigue 
Properties Report 

acc. t 
o a) (Alcoa-Report)

Specimen;~

Splecn Cut from designated areas
of castinlgs.0
Machined

!, 11 1 , 1 I II I 1 1
I H-- - 11 13 1 1 I

16, to 
3  

1o to 106 o o

Fig 32 50 FaWUf Daram olA37T6moy
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Fatigue properties Report (ace. to 5) (Northrop R~epoirt) Tenltative fatigue properties of Alloy A201 are indficated in
Fi
t
gure 3 2.52 compares the fatigue life of alloy A201-77 of the coostaotlhfe diagrams of Figures 3 2.54 (for Smrooth

swothffereessraterialsupphiers Blothssets ofdataagreesoelf specimeos),ao1 32.55 (forrotedspecsunrrs)

Fatigue properties Report (amt. to 6)
(Report from LB f~llotoell) tigore 3 253/shosss stre sprommurefatigc limt ofA2ll to
lre fatigue lnt for A201 alloy is considered a Wite lower be 14 ks(9 84 kpmnns)oaroom remnpsuboreo fl/1to J2 ko( 7
thansoeof theother alloys. to 84 4gtrr?)s at 4( )O (204'C) The fatigue lernt being

7he fatise rrstsancehoue'ver is affected Wyfctors sods as detrerined at 5 X 101 cycles
esicroporosity (etlcroshiinkage or gas porosity) and this
indicates the importance of controlled casting practices for
prentim castengs.

The fatigue resistance is als affected by the secondary ,t

drednte ares spacing or coolmeg rates and the larger
dredriteoarspacing sithsloaver coolisgrates reduces the ainss
fife. 1 -110 fa $I.
Work conducted indicates the endurance knost is not IW
resulted as 100 cycles to asial fatigsue, either tesior-teesson
or ssio-csrpresuioisei ther %ith oer vvttioo notches tt e)

Additional stork fias shown that the notchied ftga 5 t' Sn i O

behasiosr of A201 in either the 16 errT condition is errsrtsn
Pinotar to ether alsoriniarn alloys such no 357 in the T6
coeditor Fing 3 263 S-N Futi~u curves for A201 reserted 000009

'. I.T I.3 A 1 0.57 0.43 0.2) 0.11
.06 ..0 4 . 0.0 0.2 5.1 0.6 0.4 1.0

.t5 10 40 26 .5 .0 0 tO a 33 40 0 *0 tO o s

OTElNTt MtE5.

A-3- ettv ytaconatldgasolsoehfain6e~lf.~aoest ferats
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4. .3 10 A 1 0.61 0.43 0.21 0.11 0
-0. .0.5 1 6.0 0.2 0.4 0.6 6.6 1.0

.55

.60 4t 4 3 t 2 0 0 3 0 0 0 0 0
7t~iftSt~ .

PigS~ ~ ~ ~ ~ ~~~~~~~~~''' 253 Tea'kt:1atle~galeaiaebh~oA0.~aatnaoesn
Pa~~o Poprtis epss(ae. o )(oehrp-Irprs smnoned n abe 256Th poprtes f osaAxn
Inilence of IP (101 Irosarne Presing oo A201 andsan cas HI oaes l Oa O andtTbl 325

Inelmn0ato thpoprrsolllneoeslasod'" I~anc
INPRI~l.CTIO esaersl ar comutedin able 3 260.Theco AIR n
Mass lusotian san casingsfor srftaoe otuetral beneablenoebsedo Alniedtiberols lsAC.hef

apbao20 esoigbtl~sopntsntols esytdaendatIrthattsiasobsoirs
becoae duls ae ceessay ~ ~i~ndan nd SgittiCO~~e. l~sere et prseiTts an di. ussd 5

se itoe 5 edttie entptcl constaneIl diar osbe termsuefor fatgu beasor a ttons plates. Ceras elctedt

prpties Inolre, Reortplaex omp(onrtrl ~ t ateia o inffTable to 2ro 58esst meet proper0
t 

ie ond btll..A211
Infhene beofs IuII s cannel gcesaly bePresi o rtr0n adl atHI aeilaecmprdi al Z
slidc a sti g theesoar anderie raes Stor Itotten castori andsieemettl (Tabe 3.,56
pNResog ( II Isastia been comtared to Tablse 3ls poop eso Tompnsiosni
Most aluminium sand casting%. fori aifame strutual thes resblts ate prsend n ae 32 .s iumbe ftss hrfr

apepmadeton smarcas usancli o po e psa os sntreds a e andiced ess h lnoo prete e s o t lil-
baease phila ees.r' o otolshirm o sig160)rm e oulsl fore h e Inhipltedd iscufse oin

threo tadin hihe properties Wtrngt foroit hahsand adT mttal'
mouldinst.e supid, ascsthie sst e s pl eate hn Cae astmanh asr3metsrsts ndshemiesrymnsadtecsnass
thdeses o mn aic a si u ass prenssTnedr ofaone 3MT i sse moul 2 empera tres ofd 1,510.

tablvsten 3 mo,5 ld sampliqe:Im hg miiu repr ldetemrtue ofeo to a sre ati lo scess atin1g
eaprperd es lteestmploe cop on s c ifictr t o tanaidfcae ehomvlsTh mprssst
a.Tte3

2
becaus dhllse aot eefrlybeedhsnpe the erscltifory sandest plAtes04 for ohIcLs th proer

to qabfylte rsatrlaLThenhalfof te cpltes o l ah eqcedirere uiTabesnntfoalthehees
shlctionnerwi~ality andc llSie hot istaueee
poresf sitg(11P sbnd cs ~ m toimprovl thse pltsopknre hof Tionla tt feto ~etnuepoele~oeaigtr
he0alrted to dcstns ths IRA codiio -eso %i(h eut r i~ nTable 32.61.a il ndaimtsrrgtlybn s Tnd i nimumro
performed uner theeioes reerened progrm the palate reqrageeelongatio53triteeiepercettength. 50 ta6Aupercent
ldrctaetorph and=L revationh Peeaerformed.ul o trs hI ad (oW feo the misniment ror mimamt of er

PROGRNNIMEThis cotmasrength frth snIIT casT7 mate fo whih
CREaSLt. ms uple msrstcs pMsD i DIS O "'hoas 3II ha be tefc oat rcrsgrh no ha lng) at

The Improsements by HI ofsoetoe tC atea h e xcIPeee the auiee foalltikssonfo ,5o



percent. increased thet minimum from 4 tollI percent. and Moetattogeaphy
increased the rilaxioium from 8 to 12 percent. Micrographs oDIV and fftP+T7 samples (Figure 3 2 67)

showr that III? woo effect~iveliminhatng trocroshrnkage
Shairp-Notch Tenlsion porosity Micrographs of tensile samples of T7 mateial ore
The results aelisted in Table32 62Sections A andl flIP sowon to Figure 3 268, There ore wety low omounts of
increased the sharp-notch tensilei streogth (SNS) nd notch undesirable inctusions (iron rech needles, titanoum rich
strength ratio (NSR) soanoat for both the 0.5 and 1.5in. unutonon and ndossolved coppee-ndi phase) Grain sie
thick plates nd both SNS aind ySR %ere slightly higher for sons determined foe too sansples each from platen of each
the 05-in. thick mateialtcooparedtothatof the 1,5 in.thick thickness (Tnble 3 263)The samples located oneend of the
ptotes.Thecresultsare similartothosecobtained forsandect plate had avrage grairthorsetersfroms 13Gto2IOIunt,%hile
matrial, the trend forloeger grain sizefoe the thickerplatesand those

away from the ends, fhod overage groin domneters of from
PncueeToaghness I100 to 130 Mo wisth litte difference between the varsons
Fracture toughness of L.5 in, doick plates was the sarne foe thicknesses.
the HflP+T7nd7esanatltiaveeageof38ksinTa le
32.62.3 263)Thsisierecehatetoheaverage'Sne otgah
foe sand toot fItP+T7 and T7 materil (4 nd 32k ks'ls. All tensiteand faogue satoples were exanedoptically nd
reapptisely) All fracture toughness tub ,es, were nt d ,nlweeeaindhihlsanngeet mcocp

per 399 neitheemnthetrens idimcd w in I I equipped with an energy dispersive analyzer, MIany
SIN Fatigue - Notched spsectmens had elongated inclusions, op to 1. m eo tag,
The results for SIN fatigoeof If 1P+T7 spectiels; wisth a K, although typically 0 2 eon long. This was discussed is the
of3 Oareshown in igure3 2 64alongwith reslts forsand Strootktfe Fatigue section These inclusions ore probably
caot If IP+T7 nd T7 Only If IP+T7 bnstment tmatereal alumsinium nsde. There was porosity on most of the 17
wvas testedas the results forT7 ialeta weeepeced tobe fracture surfaces Porosity was seen on only nne If 1P4T7
similar. Overall the results for the three conditions arc fracture surface, howoeve, the surface was highdly ntdieed
smular,althongh atlugherstressesthe sandcastesatenalbad indicating that the porosity rws sutface connected nd
slighdly longer fatigue life. %hbde at lower stresses the therefore could not becdosed by IfIP(Figure 3 2.69).
invsotment cast esatetial bad slightly longer fatigue life.
Thcerewerenosignifcantdifferences beteentheeslofor SLIIARYAND CONCLUSIONS
the various thicknesses foe the tovestinceot east rmtetnl. Tite strength and ductility reiquairits of NAI.f1304t2 ard

NtltrA*2 11801 were met by both I IIP+T7 and? e7saterial
StraluLif PIcFtigue (except As noted foe thet L5 to. thick esatena. IP did not
Steaio-hife fatigue results for 0.3 tn. thick plates for IIIP+T7 lotyroe the ductility of the inves ta nootetia as it did for
and Vare plotted inigurec3 2,65ith reslts forsuitcast sand cast esaterial SIN fatigue (notched). fracture
IflP+T7 material also showni.ia IflP+7Tlinverstcast toges~sfahiguecrack growth prnpertiesare reported
tmatetiat bad hettr fatigue hehasiour than that fur the IT7 1111 improvedf the strain-life fatigue bebasiour
investment material ote the IfIP+T7 sand cast material
had better fatigue hehasiour than both insestini cast The properties of the useustment cast mateial were
cordinions.4 Cyclic streso-strain eursus obtained from the generally ihghdly below those foe the sau east estenral
strain-hife fatigue testing are presented in Fi'gure 3 2.66, Prom this limited comtpa nsan. no concluson can be drawn

as to whether this reflects differences between the sand nd
Fxtigue-Crak Growth Rate tssC61ment processes or other vambles, such as minoe
The results for 1117+77 invsent east and IftP+T7 sand differcences in chemical comspositin or heal treatment
east material showed specimen differences, bet tin, These samne differences may enyLoan the differences to
consistent differences among the N-Aflous ddicknesses. The response to the 111ff It should be noted that sand casting
sand east msaterial had hetter fatigue-cinch growth permit& the use of chills tch should allownmte ccontrol of
behassour than that of the invesment material (results not the progies

Thoodala does notsuggest that inveutent cast A201 shouldTwvo tests were performed for'!? eaveatent marertat from otcne lbe considered for ctopmsees %hach arc
the linthic YPftadhreutuecbsamesfoth capable of boing prodfuceid by this process ItUP shsoutd be

IS i. ticktal+T7 ateial(reultsnotshon). considered for applhcations that rceioec unprmses crack
initiationt rcinstsece. bewmor. additinoal coatuation would

IheoseatuOwnbythcoinvmfg'a3 2,55Jforthe be rcaired toconfirm this improemient,
77 esneet meal is loeed by oae test result witha life of
t00 cycles at a atan1u- ltd of 05X&5 This speusoe na
Vsaluated Aid Coerpaed to other fangue slaiyfe to detenoseellf FATIGUE DATAtis result sOotS be noandere tsienrauve ca the fuossunea
rtena ft was fown that the fAti;" ClAck iited at ao FORTIIS ALLWYTI'6AI,4V

be li oerW the faugu Clak anl nac IIP+T Wapene
incl as oate s a siaru lusAca without substanially loeog Fatigma limpetles Report (ace. tn 8) (MHtfff.Igort)~~ A grea enumher of pUNshlnc descrihed the fatigue

ristt~eeaeoamabindnea.Jaabooeeeatoei, proper con TI'6A4V Alloyndi the patnieinflaetnce of
hoDweserthemreerfnillieefaonntest resatoreah a eat the I IIP'proceso.The collected figure% shown in tIds sectins
eseunuat ofl the efleets of dois type of iiladorn 17l And hsvethffereel sourcesothtthrmasnomaalatedtu

I~tPTS tngueresata. he appendiSource foe Sectiolt 3.23 (sesourc 8)



Table 3 2 56
A201 Investmeol cast plates trom COrcasl

Qouuty Siooyole) Met Nnmlc MbldTN,ot

2 ltt. 125 x3 x12 $960) loot,
2 u"025 X4X12 S960 :0061

4 p1o 0.5 X4X32 3960 0061
Zgphte S.5 04010 (016 2561'

B 3401 Composoooo
Woghtpkrco

Mdt No. C. Ag Mn M~g T. B Si In Z. C, N,
5960 46,q 030 0208 0268 0217 00113 0)034 (0026 0608 0603 116(4
6016 474 049 0204 0237 0249 0016 0040 01 0 008 0012 0006

NAI- 4A)- 04- 0:20- oI$- 0151- 1, <0105 <0I 10l b b b
1304 s0 ".10 401 0,35 15

CoolnyrraS13651.anfroch,lnooc-od 'othctrnte003 Mach.ll 11066 t.lt

Table 3 257C
Test motto tor A201 inveobnent cool plates

Nornbnrolnpeonrnn

Cone3,on T7 IIIPT7

TEST IIIICKNESS~o.) 013 023 0.3 3.3 013 025 05 i5

Tronn 6 6 8 6 4 4 4 1Slroop-NntchTnnn,oe - 2 - - 2 2
l'ravuoreToo.nnn - 2 - - 2 2
SIN I'otvonNotchcd - - - - 3 3 4 4
Str.=.lfcFatrgoe- 3 - - 10 -

Cyd~tesnrro, - 2 - - 2 -
P~~gn.rc6rot, - - 2 1 1 1 2

Table 3 2 5
h,,goovemrenla by HIP 0f viveotmont cool A201.TM

0 13-0-5 loch thick) ecpl 0s notcol
I'oopelly Improvclncnlby 1111

Minimum. Alcragc
Tenoon

UffinatcStrcnglh 2 1W1 (4%).ocrc&,c I1.km (2%),ncrcane
YicldStrmp~h No changc, I km (2%)orcrcoo
IDonrlaon No chanc 1% (1 7%).crcasc

Sharp-Notch Ternon (0-.5 in.)
StrcoB~ll 6ko(7%)incrc 3 Ira(6%) incicase
Notch StrcnglhRatio 1.07(S%) Increase 0416(4%)ncrcare

I'lOunToveuxcc(I.S in) 11.3k.an (I%)ncrcasc 01.1 WIn/n ((M5) nctcane

Stran-Lic I'allsvi hnofflcicnil D1)41 t ifc 1)oobCn (H100)
EatvnnCrack Gtonth No change Nochange

Nficrotruclale Poronlty IChnneacd Porcoy cr~lmtcs

Conprion of loN lu ob1Otneld
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TabtoS 3259
Ceenparn of HIP sand east and IP mee~tee eas A20147

Advatage ofSand over Inveennent'
Property muinem Ave-age

Tension
Lulenate Strength 3 km (5%) 3 L.,. (4%/)
Y' etd Strength 3 kmt (5%),k.S/6
Elogation 6-/(150'/) 4, 6(r/)

Shaep-Notch Tension,
Strength 76ke(S%) 7 ket (8%/)
Notch Strength Rates -007 (-1%) -0005 (0%/)

FractareTougveee 5 k. Lt lo(12%) 6 kmt Vm (17*/)

S/N Fatigne-Notched lesoticteit Data Senstar (see test)

Straiw-Life Fatigue Insusfficient Data 3 (MtWe,

Fatigue Crack Growsth 0-40%/ stoner rate (20%/) 40-200%, stoner rate (120%/)

Compaissons are on the thicknesse tested v p toO0 5 tech -ee test for dctnited revuts~Cospatison of loner nlace obtained

Table 3260
Cormpanison of HIP rmeestriet cant anod(oHIP) sand eat AZO ITM

Advantage of IUP Inemtsr i r (uiliHP) Sand,
Property Mdosmum

5  
Average

Tension
U tvsatSttrgth -1 k,.(-2%) -2 We (-3%)
Yield Strength -2Lsi (-4%) -4 ket (-6%)
Elongatim %(% 2% (30'/e)

Shmap-Notch'Tenision
Strength I kvm (3%) 2 Let (2%)
Notch Strength Ratio 012(9%) -011(8%)

FraetvteToighnesi 5 kmt to (15%) 5 Lem i (16%)

S/NfFatigueNotched Insuffictent Data slar (see tent)

Fatigue Crack Groeth Toiceavfantat similar

Companeone are on the thicknesse tested op to 0_.5 inch - wee test for detaild rcelts
Coireanio of loner enluce obtained
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Tab* 3 2 6
Tonsmy test77656776for A21-7 ivetrwl Cast pates

A Cwrcl66l36.6k61kfb.

AV77A137

C- ID YS M S 1715

3:1I712 57 66 7
7117. 57 1 S 6
31171-4 56 65 9 57 65

57 .1A1-1 1% 64 6

SIAlT-i 56 64 6
%AlT-) M 65 9 96 64 7
3AlT-A

6  
$$ 65 8

5621-6P 54 62 6

B C,.6.6666677 265mtk&6

AVLRAGE"
Y)Urs s ursCo.7 II) (k.6 (N6) (W~. (W.)

M11+T7 Al 1.1 19 667
61111. 59 6
61171.3 1964 1
61111 4 19 64 4 19 61 6

57 6611 1 19 61 1
6A I2 58 653
61- 16~j 62
6A114 19 62 4 69 64 4
WT11A' 16 64 9

C Cc.rnc6,oiRh,65,L.6666

7 266 71 $9 trr

T112.3 $6 65 6 19 M6 7
57 IIA:T-.2 11 11

ISA21T.2 596 61162I1.3 59 64 4 II

IIAITI AV 69 6M 6
,AZT W 19 66M

llA5Tl-r 60 67 0569
A56651W 19 .6 6

51% I St .765 51 m 171166661 W 6) 1k.) 66k6 16W1

1177.1T7 U 11.1 16 6% &
51116.2 55 65 051
'9111. 1 59$
" lfl4 11 2 A 11 62 6

1165.2 51 11 "1
M961. II 4 17 4
69654 41 69 1 14 1

317 11 "1). 11. 2
55 T $147l.661Ih+66(501m666

.576 V4, %..,

6656~lI)96616ll 165656A li6
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TaW132 62
Fracture tness and Shaurp- ntck tension results

for A201 investmet east plates

A, SIARF-NOTCH TENSION

Cenpens excised from 0.5ra thick plates
0.5 in eoroio3l diametrspecimns per ASIM E6052

Cumon . IDo 9N6
5  

NSR-

IIIP+T7 1741311-I 87 149
174 1311-2 87 148

T7 Tt113A-l 81 141
TN13A-2 83 144

B FRtACTURE TOUGHINESS AND SARP-NOTCH TENSION

Fracture toughness specimen excised from 1.5 in thick plates %ith notched
tensile specimens excised from tested fracture toughness spncooeris

Sharp-
FeactureTooghncess Notched
r Ten...

Coodison ID 11(m) k lC_~ K,' 5745
___________(1,,Mf) (kst in) (Ws) N~

IIIP+T7 3811FT-1 1469 101 48,5 388 79 1 42
3811FT-2 I 44S 093 383 375 78 141

v 39AFT-1 1469 107 487 392 73 135
38AFT-2 1469 101 388 372 174 141

T7 - 9OF/l hr +960F/I hr +980FIS hriatcr quench+ 370F/I h,
SNS - Sharp ootch strength. NSI6 - Sharp-notch strength (SNS) to yield
slrengthratuo

Rrsutts eel sat,4 K hecuse crocks %sere too long (a/is htssccon 0 587 and
0620 in) and symimetry ofirck fronts

Tuhte 32 62
Gr&At size nmasw ements for bnvestment cast plates

Gram S.Mz in
Plate End of Ccntre of

Thickness In Plate Plate

013 1005 100
025 160 130
OZ. 130 110

IS210 130
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FatigutePropeties Repot (a. to9i) (Journal report) fosseser. there ame many rion-fatigue crita applications
Fatigue propeties cost be sigotificaetly improved by beat for titanium components for ahicb eastiogs provide a low-
treatment This sillutrated by Figure 3.2 82,ssbich shows cost alternative. It is the purpose of tbe preent work to
the iroproveroent fin smooth fatigue life versus toaxirsun investigate possibilities of improving the fatigue le of
cyclicstresof beta beat treated and annoeal ed east Ti-6At- castings altowng use in cootponents wsith more stringent
4V alloy compared to the same alloy in the os-east + mechantical property requirements, The approachsused weas
Hip-,condition. to beat treat beth straight castings and tltP'd eastings to

different teotactuoendrhos. Generally. the east

Fatigue Properties Report (aet. to 10) strncture of alpha/beta tianium alloys consists of a coarse
Effe . rocessig oatoe fe ofT7 ,64f-V Costnergs transsfonmed beta structure It typtcally eaxhbis targe beta
The oren surge of interest in titanium alloys by beth thre grains scparated by grain bendary alpha phase and

Aeropac
5 

ad te Horgy toasties ooped tth~ celones of simitarly aligned and crystallograploecally-
eecrssod-ndeaalthe trobtnsbariea ouledta oriented alpha plates "sthin the beta grain , iTho
the intest in net shape tcba togfes'i.Atbegh set shape micerostractare is knownt to produce natty fague crack

tecontgie cas cnlnulesieircanly o cst asig. iisutiatiore " by a ttiecbanism of intense shear band
titaniums products are inherently expcorsel andi a pieouss mxncos hclmus.I essence it wssa the gool

%hih cn cmbie efecivematria ii wih rlatvel 1W of hisor tomodfy hemrcroslutiture of east and
nhicteacomieeffecuemteratsetl aetin s es east+IIlP meateniat so that the propensity to produe the

most sactigisethtd ehnolhih Mita st ofbthg cross-colony sbear weald be reduced An attempt as also
meat)w anetet ne shaper tcnoogy fitb spa a terbialg erode to break-np the contnusous alpha&sera interfare along

5.00 yarsolds tri seyofecoefr sareage Went the prior beta gramn beandary alpha phase state previous
such As nictketlaminum and titanium base alloys5, w sts

5
toe htteeeatasbtctm o al

propertes of east titanium alloys are eteasured against crc isrmahowe htteecnas b oohn o a
%oeght msatetial. the biggest deficteney isin the high cycle
folrgue strcogth'- '. The tuner fatigue strength is the result
oleaastngidectsand the tobereritcastesrcrostruirtare~beth The mierostrseture ame showen tn Figure 320830a tofI The
of %stah contribute to early fatgue tract. tnturtion., This objective of botls beat treatmenot Dand C wsto brcAlup the
problem eas be pattally corrected by Hert Isostattenlly large colony structare by tigssilleanly reducing the ameant
pressing (IIIP) obich closes the casting pores. Experiece of alphat present at the toltnoniog temperatures, 9617C
has shown that esen after Iflsirg, the fatigue strength of (1760*P) and t00*C (1840) followed by ssater quench to
cashings istlowser thast that ofwrought prodets

5
. prevent futher alpha colony formnatio.

CAST e HItP Y"A4L-4V 14

NWIO AT SW05C160 Cl
Seer C 1an MAA Ito K3014 HRO.

SaMOOTH AXtIAL FAIGUE tar

Saro- 0 R-0t. N

00

0 4000
2 oo 0ea K ta~ * *CICCC, 4
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1

400 -tIL:.5I o
to

300- 0-1 .11-1.Fatigue4
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200-l 
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EXPERIMENTAL PROCEDURES AND RESULTS Teoting

mat eda Fro dsoe eedd , sthe Cast an etHI c ylindrical tensile/

geoope~~~~ ~~~~ those soiswr otadtoeshc e ere 5Sesm (.2 inchs) diamseer X 50mm (2 inches) length
agrus toshe AUic m stc xtsrithe sichrons IJ' end the totat'spesmen length ssns 75.m (3 inchses) "sthaftr csim, Ai mciosiriclralmodfictios ad tsts 15mm (,5 inches) thread diar~eter Those spocnmens were,emadeimueltaneously onthese twogrmsips uQ b~ fo tensile sord fatiguse tevmag.
The cheesies analysis of the earrings was as 10110-s (Wt,

A Fe C ;, 
0
: N., cshead speed of 00 OS n' Thre tensile test results

'Ihnsdetestw6.3e40 14onV2ho032m.242en0031

Due to the high oxygen leset, the beta tasus temperature Fatigue tests were Perfotrmed 000 hn ITS Setrhytroauhe

'The Cast and Cast+IlIP masarnat were tested in thsree 51 t R-mnmmla/aiu od

A. As roceised The fatigue S-N eseses fot all sex test eoedmtons, are shoot
U,. 960'C(1760T)II hr/WQ + 760'C(14001)/4 hrs/ in Figures3 25 hrough 3290. These cu tesshm, all the

AC-Condilton I indisidnal data points as well as the hondares of the
C 1005C(1840TF(/ itW UN+ 760-C (14W0V4 lr searrerhand, Figure 3.291 shows sire summrsay plot of

AC- CondridonC3 aerage fatigue curves foe all six conditions.

C D

550pwi

ile,ostructores of Czsditsens UWed In This Work:

a), AS;Cist
Cl C:,ttnUBO

8
C (1760

0
F) gonirtion 7retareett

dl Cast*HIP.960 C (1760 F) Solution Tratint
e1 r~it-IDOSOC (18400F) joltio Tir,teeit
I) C&staIitOC (184D ) Soutin rstrt

Pig.3 283
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Table 32 84

Tensil Test Results of Material Used ithsWorkc

zT, E Number

bIN/rnz (Kgi) MIN/mt (Kus) Pet. Pct. Tpetede

As-Cast 895 (130) 1000 (145) 8 16 2
Cast+1IIP 890 (129) 395 (136) 5 16 2
Cag+960C(1760-P) 990 (144) 1025 (149) 4 8 3
Casz+l**P+96(YC(l760'F) 1020 (148) 1040 (151) 4 13 2

Ct+90S'C(18401F) 935' (136) 970 (141) 1 11 2
Cst+ltP+l00C (840*F) 725 (105) 880 (128) 1 5 2

Discussion low cycle regon @helow 105 cycs), sssth avrage values
As expected from presious work, the Cast+IIIP alloy approacluagthos of the Cast+*l*P the too heot teatmnts
exhibitedl hotter fatigue lives than the Cast maleiial'-, lie lowered the average fatigue hves.
fatigue blrt (5 X 104) foreAs-Cast matrial wvas 275 MN/mt Based oi previoussworks onisaiguecralcsriuaion inCast'
(40 KRi)% shale that for the CstfliPl Woat 415 MN/mt (60 and Cast+HIP, -A1,, it is knowsn that the prior groin
Ksi), boundlary alpha is one of the major contributors to eattyt
The heat treatment work was sucesosful is redacinig the fahigue crack snriatioui It is evident from the
amoont of ptimary alpha plates of the original Cast or edcrdstmuctures showsn i Figsre 32,83 thatgtranshbodary
Cast+II*P colony structure (Figure 3.2 03) wsith mcreastog alpha plats still cest is the mecrosteseture eves is the
solution treatment temperatsre.lHowsever by esamioing the 1005SC solution-treated material Future work wsill ha
fatigue cuirves and especially the summary cums of the dirotd toward elaiasog these nucrosleselural features
average fatiguchses~it semsthatontyhathecase oAs-Cast through abW3asolstiot reatment.
material ias aassmprovedfatigse life beet attained. Acknoledgemientl
The Cast C3 condition with the ssalestamount of piay The authors sh to acknowvledge hit Glens Love]] from
alpha, hat the best average high cycle fatigue life, wisth a hletcut for Ihassistanice ha the fatigue testiog Parts of this
curve vety close to the Cast+IJTP coodition. At the same work wore dose under USAF Contract #F33615.79-C.
hese, onitios NoM shosws better average fatigue life is the 5152,
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Refenes(enloordia Report 10) 10 5ylort 1; IBaoia PJ
1. Jaffee 1R1 !Patigoe Cracking Characteristics of Bera-Anraled

-An Overiew on Titanium DeolwkT et and Large Colony Tl-Il Alloy) . blerallurgical
Application.% 7718 OSeice ansd Teclology, Ed. by Tlransactions A, 9A (1978), pp 1273-1279.
H Kinsura and Olenan. ilsS-AIME Puhhjcatiort. II1 Shelitnsi D). Eylon D
Warredale'PA- 1989. pp 53;.74: 0On the Unstable Shear to Fatigue laita-Aenned Ti-

2. Tuanioisfor Emogyrr aM r~lAplaon Ed. I ntl*8A~~~ltlogclraasnA
D3Eylprrntlbe published in 1982 byiMS-AIME. 9A (1978), pp 1018-1020.

3. Eylon D.iHeld M..roes Fl, Bofrelman GE 12 DavidsnnDL. Eyion D
-Mfanufacture of Cost-Affordable Iligh Performanrce litanrlum Alloy Fiii Frac are Facer Investigatin
Titnium Coseporeels for Advanced Air Force by Selected Area EIlromn Cbarmelnig7,Metalargioa1
Systems,~ Pr6ceedirigs of the 26th National SAMPE tisacrsn A, I IA (1980), pp 837-843
Sympoiumr Apnl 1981. pp.36--367. also SAMPE 1 yo ) erW
Qoartery.Apnl 1981,pjpAO-25A lire Fractogrophic and Merallograpluc Morphology

4, TuppcriNG. ElbanoiJE. tilorllM of Fatigue leoralion Sites, 'ASIM SIP 645.
-Oppotitics of Cost-Affordable Titonnuoi rracographyinfadoerAwlnst ASM Fobhlian.
Aiwoipic Straclnrcs7. Jounia of Afetal, Vol 30. Philadelpi,PA,(978".p23S-248.

S. Eyton D. Strope B Fatigue Propirfr~s Rtpert (sc. to 1i) (lItowiner Report)
'Tatgoe.Cacbunitaaoii in-T".Al-WV.Castosgs,.

boooolo~arria)re~ce.I4.t979.pp3
4
5353 is spocrfied to mrany farrgrre-senisrnve applications. Figures

6. hyton D 3 2.92 through 3 294 thaw high cycle fatigue Propertres as
lFatrguo Cma&l Initiation in Ilot Ilwatrcoilly-Pres"e teIllienced by HIP. strest ratio and teat temoperature. Low

Ti-6A14V Casttngn. loirrnoof Aatrk~ils Scienc, A4 cycle fatiguereslts (Figure 3 2.95) also show the benclits of
(I1979). pp 1914- 1922. HIP. Nore in this figuere the dramnatic reduction of scarlet in

7. Proes Fll. Eylon D, Ilichelosa GE Burlelch HM tsrslsranl~eaea
'Deselapoicrels in Titarnm Pondef M.etallurgy", Reports of decreased fatigue strength atribued to HIP

Joosffea.32 Febnury(1980).pp. 47-54. usnaillyreslt frorntestsofdecfect-free specimensnshichbhae
been Hilld or exposed to thetrmal cycling to sinrolale the

8 Kelta CA, Kosmal BaA, tylon D. Fles P1 I yl.fiensetensaeoorsd fInCsn
itnnsPondcr Metallurgy - A perspetivec. mko r tha merial whdch .bat beeo HI~d and

Jbes.'er~kA ergnuWoflhaioni AIoayr ThVIS-AIMlE eould cabhl it realer fatigue endurance because of the
Pubhcatiori.(19S0).pi 1-19. encrostructnral difference. Ilonvevr. teat programns istuch

9. EylonD esaluate porosity-coetilmrng nion-IPl samnples and folly
'Facetedpractorein~cta.AnnoalcdT~ito'mAlloy :. deneeHIPalenaldemnonsroleimproed eedrance-.nls,
Metallorgic*l Transactions A. 10A (1979). pp.311- and redaction in scarter of data for the lllP-pro,srd
317, mtlerl(Pignee3 2.96through;3,2.101).
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EFFECT OF HIP ON 700 F LCF PROPERTIES OF ANNEA6LED CAST TI-6A1-4V

145 - -" 
I--I- '-4....iIPEOATI6500FAISKS1124 oo

120 
b.1

600

CYCLSSTESSCO14TRO

AXFoLLO295

STT90IA ANLYF OHAIUEDAA

0000b0dOFlpO400 pO10wob10, 0

STATISTCAL ANLYSIS O FATIGE DATA

in Od*' Q PP&M V~sbdt homa MOf ftgwdatatr0
daaampatdmhwut oetom ew 0dwrsf o n"0" d tosa 11cce'.T.I m

It500

0-300

MTlS000AS0IJTYATIOCYCtff W 40 -

S og30 200

X, 4i f ID, ID' 1070

Y, bq000. CYCLES TO FAIURE

F19 3290



70-F NCF STRENGTK DISTRIBUTION of ANNEALED CASFl.4AI.4V.

0A- 21o0INf.dna.

100

go-80,~. i00
£00 ('0 B .300

20 (C ~ '. MA UV

002 100

10H

lOB (PROBA0ILIUY%

HihCcFatigue Properties o ianiu Alloy

BefreandAfe00IP

Ig 3299 A-



89

827~ ~ ~ (12 --------T
7oo w 

MEAN CURVE
4'83 (o10 I ATA:FbR LOW

<14 (60--CYCLE FATIGUE. O.17,Hz
,TI-G At

- 
2 Sn-4Zr-2Mo

345 (550- HIP-NO HIP

a 2.Smm FLAT2 2?G (40 9 ROUND
207 (o3 - -,co OTT.6

C T CAL F

~I03 O TI-B A I0
. 

Sn-Or

Low Cycle Fatigue Properties of Titanium Alloy
Before and After HIP.

F~g3299

897 (120- 1 00 C
'7",8 (110o sT

I0(00 ' 0 0 c. o

620O(go - 0 00

55 (80 L i-6 AI-4V
MEAN CURVE

S489 (70! DATA FOR LOW

414 (:CYCLE FATIGU. 17
TI 6 t 2 n- Zr-2Mo

345 (50; HIP -NO HIP
, 0 2.5mmFLAT

. 27G (CC 1 0 ROUND

207 (3O0- C PC 1 I

10 104 10
5  

i0, 10'
CYCLES TO FAILURE

Fig 3 2,10 Low CYCIO Fabgu Propetyos of TouIAn Alloy
Be0o nd A&CHleP.

L



£9 (07T3- 6 A[-4V
f2o (9c. £ - MEAN CURVE

!52 (67, 0

4C3 (70,

414 (60-.f 0 0.
,. DATA FOR HIGH

35 (so0- CYCLE FATIGUE
2 30 Hz

276 (0 - Ti-6 Al-a Sni- 4Zr-2Mo 0

207 (30 - HIP 11O HIP
* a 2,5mm FLAT

138 (20 * a ROUND

CYCLES TO FAILURE

1 1932101 {fghCydeFaoguopertsoTitarnmAoy
Beforeeand After HIP.
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5,ReseewAI 1215 Brsh Aeospce, Report NoMDR.O331-1980
21 Cecoat Rcpoze.0OETE E002484 (09-7) - 1984 Figure 32.74,

Annex WA If Culler. £on;oeesguide toTitamun Costings
3. Alcool'rodoelaooool TfcdsicalReportlitchComp.- 1984

premiumCstings Diisloo ofAlumiur - 1972 Figusre 3 2.75 aod igure 3 2.76&
CompanofAmeica, Coro"o.Coifoma R NI Nogre 'Coopeondiur of cost properties of Ti.

4. Apendix of Nortlsop-Lcete 3872-84.124 -1984 r 6AI.4V
thageonof Fatigue Wie Cycles of A3574T6 Alloy Tedmn. eportNloy 1975

5. ApeodinofNorseop.Lceee 3872. .4.l24 -1984 Figore 32.77i La Foodcnec sons so do Tosnc ct do
Diagramonf Fatigue Life Cycfvf Ai8I-T7 Alloy ses Aluiges
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LBI Iollosse,submitted by St. K~enner- - 1984 Figrt,3 2.78nd Figure 3 2.79;
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8. WSTM-Peogeooomis818. Germany -1985 Fi'gure 3 2 80 and Figureo 3 2.8 1:
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11. HdaeteCo oradoochecadl nceeB6 All other factors:
12 PW'.ner-'D ofcasing byhoti . Kbr - forsbear-beatteg

12 I6Wde.e fication fcstnsbbsos t Xtru - for transverse load (ultresate)
Pttg.Repe Ktry -fortrrasnrseloadoyeld)

3.2.4 Coack Popation tindl Fneorre~orghress depesnd te lus gmy scas:
Sendrapterti, thcns

3.3 EYE BOMTOINCU ouedcios * ter rad.
Since msany castings bane concentrated load inrdcin belt diamteter
feormed as -eyeboltljiielit isnecessary to bon bow the etc.
efficiency factors (for the lug stres calculatinon) look. oith
regard toadmoancastng atoys anse ofgmenoinganlthefictercy factoreK"th
Soeienforesaton ingintaheereportiMeseopnient in the respect to the advancec! casning alloys, tis bandbook cant
Analyses of Legs and Sbear Pts". publisbed by Product givce Only rte value for the castrigalloy A356 T6 (Fig.3 3 1)
Engincering-Jue 1983. Accordnsg to this only thre factor for the first lug definition A testis necessary to detennine
Kt(for tension) depends on teeatesol sedfor thecasting theassnesption
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4130andS30Soo
14S-Tflarvl yST~p 91010 ( Gin..T)
75$.9fi bar and extloril (L)

I - - tS-T6 hand forged W1 414 tdsrte (L)

- 14S-T6 and 76$-T6 do log~s (L)
09 s (D CURVE2

75S.T6 ,tson ae(TN)
75S-T6 hand fogedhbft 936 sn m.(L)

On - - - - = 14ST6 hrd forged blet >144 sc m,(L)
1484T6 hand foned billet 436 sq n (T)

- - - - 5 14$ST6 an075S-T680dnnsfoln(T)

- - - _CURVE 3

- .& -24S-T4and 24S T42 extrn(L. T.N)

Co. CURVE 4
24S-T4 plate (L. T)

a 2S-ST3 Plate (L. T)
- tS.T6 and 75$ST6 plate> Itin (L T)

a: ~ ~ ~ w 24S7.T4 b5.Tlardngdle (L. nqnT)
'I$S-ro hand forged fillet > 36 nq in. (L)

TCURVE 5:
19516.22084. and 356T6 AMMsese cantng~oo~ 20 ,30 5 ~75S-T6 fiand forgedWl e> 16 sA in. iT)

to 15 2.0 2 10 5 -0 5 50 14S.Tfihand foged bdlel > 36 s0h M
CURVE 6,

Ainvasm alloy 91010. bar. hand forged itel. and d*
torgfig (N). Note he do foegrg. N duectn oalst
only atPnA" plnane.
7.5$.T6 bwn(T)

CtRVE 7.
LEGEND, L, T. and Hktcale genesM deon F in slintct 18.8 staukss steel, anealed

f. - bvX~L4" CURVES
T - lng answne t8-8 staostateeL flsl fnd Nft0ln g/o l/,12aad
N -short transenorea) 3/4 haid. ns1epolate howren puevo 7 and S.

ing 231 Vaiesofltenasefficlency lattors oftugs
falicicated Innem lypeaf steel and alownwioe alnoymaterials
produced by d.eront msanufacturing prneessos.



F.9 341 Failtro modnbtovototritsuadestatoc
loading, LMS shear fnaue of the ruwt shank: mddcll. toanW
failure of the compocnt alena!noht -e walflurae or
distnttion thre omnnot material
Brchtt-e .fragture surface

3.4 RIVrIEDJOINIS fasteners for static and fatigue loadig are Vseo in Figure
[f structuracompo~nents tmade of alumsiniums casting alloys 34.3 and Table 3.4 4.
arcto be used inaircraft coastrction.tis necesary, among
other things, that they should be jooted together by 'Thenmeasurements ofthese tnstpiecssthe lading cyctn and
tmechanica) fasteners A pre-reqstsstte for this is tt the the evatuation of the cesuts obtained are described ao the
static and fatigue strengths of such teents should be MIL-SID-1312 speeslleaeons. In thesn tests the
determined tistrig riseted reitpteces. aisd ceopared against deformation characteristics of the nited joints were
those charactertstics of riseted wrought alunuun alleys& deteeninrd tn additien to the breaking load, According tn
Since up to now no iafrmnatien thas been availabte the speciatioans to force, any- nvrredjoint that bed
coeong raseted Mis no alumidium casting allays, the undergone permanent ptastic deformatin of 4% (referred
staticand dynsamic strength of sucht jon Is %ere ditermincd to tie crivt diameter) ws ctisdered as no longer
as part of Jt~r programme on Lor-onsi Strue fonctienal To determine this eritical deformatien. the
Tedsselegies - Mercallic Aaienau. An accountwmill noo, be defeosmatin raing place-daring the loading must be
gisen of the results ohtained, measured and the type of distortion relevant to the

dimensions in question piclesI out

3 41 Static Strength of Rareted Joints in Alurmnions isut
ciatirag~tlo~s Table 3,45 sunaaire the results of the static tests.
'The strergth of a nvetcd joint depends largely on the elwe o ~ duigaumimlosldrvtfie
strength of the cemponit material (brealsingstrength, bale Tspeepe~rdsnausnmlestdstfie
beartgstrcgth).thntypnofrvetitttnake~tehapeof the mainlybysheatnigoftherietshaa In thosenseted using
nmse head. and the riset material. In static loading. rivets fedl Mondl and nitamum tohid rivets, the most common cause of
for three principat reasons (Fig.3,.1) the failure snas bole wall splilvg, because of the higher
* Shear failure of the rises shards thcr utrenugth of the rts Joints formed with blind rsets
* Tensile failure of the compoent mateial and spectal fasteners (screw rivets) shoised holossall failure,
* Failre or distreenonof thehlevll&. oroacombination ofthisssithltensilefilure.

Tonachieve a comparison of the strengths of rtelovit mein
Todeterimm; thestrength of riveted twaicsmutctcts. thre alumiun castng jy A35746Pt against those of
sectiettal overlap Joints of the type shown to Ftg.3.4 2 were wrought alleys, the resells obtained were compared with
prepared and laded to failure according to predetearmned those of the aircraft tndustry dusiggn calculation for the
load/time relationship. Exlamples of the various oet wvrought alloys 33136t.43 (20244T3 aluimi.

magnesium-copper alay iTeccomparison reealed that te
_______________________________ calculation values determined for almost all the testpirces

Fastener Test Tealneol were at high as, or higher than those relevant tn the wreaght
torpicces alloys. In Joints oath blind rivels or specral fasteners (rivet

Aluminmum vllrvtcslsitibells). the values determined were lower than fee the
bead ato 201 wrrghtalloys.Therrasonforthelsfaurabebhasnos
Aluvimumscurivet/uaiiratbhead tensile 20 olfointi, formed "thblind or special iectstrsaybe that such
Ilaonelid rivet./coutercsuti brad tes 20 fasteners, made of steel or titanium. endow the tearpieces
Titanue~av te/onesoiha 205 with essentially higher ngtdity than ia the ease of Joints
Ilucli-blind tiset/countertul. ead 16 foered using tolid flnts toadeof softer miaterials
BCbitryloch-ldind rictse cuul head 16

lliLot-rpeisfareaclcsnr eadtei 12 During static trenstle strssing. extremely highs additional
lIocholt-specdsl hotnrcsrtrst ed .2 bending stresses (secondary bending) are produced is

sectionial rived Joints of this type. With sotid-ovel paints.
L_ ................ __________ the tofter river material allows a degree of plasti

deformation. and this reduces the amount of secondary
Fig 3 42 Tonreneoce and tout foe dsterminvag "h n=Wi bending With ame rigid nivets of teel or titanium alloys
strength of riveted Jointa this reduction cannot tahe place, ;and fracture of the
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F4.Aluooooilornayoid oct ,tooooteseik head V
accordO9 to LN 9199-; 1 -69io head. 2 losing head. 3
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2424/3 ~ ~ ~ ~ ~ ~ mc W32243344023 3% 34 932 4 20

2*2/ 343 #i43 IM33. M04 22333
in4/ 333 34 422 - .3

0333W ,4*3. 02 0*3 3* 33 3203 34 43209
02/ .3224229 03.2 3w3 343 5W.)3 7W3
023/ 2300_ 3323 33-3 3320 us 4 233
M W3 04343 343 24 3r W22

022/3 ~ ~ ~ 1 Ma.394336 02/24 M24 39 23 392 4 4342
CIS"2 M4233 0222 432 24 *"2 72M I
M Y3/ ma 34 - 3*

023/2 3340 W4 33I3 4



Table 3.45 Cen0ned

ill,KV T- 720l St.03' 111M720 in" 2

24~ Is-0,27.7 Ism 742 2933 772 .

r-73/ 150 0 U *0 a- s 1 270 272
2703/ lo0 V0222" -7 2=73

T/7, 0077.2 Z-.n 7-*11 M0 922 .420 922 7722141 2

701 "0 C" 92 M3s0i 2
70/ I0 I42 3 32Is1 "I3 M0 I051

732)3 ~~ ~ ~ i £7471M1.7 2226 .2 30 70 772 4174 2

nv2/ Suvi..7. 77:w7 V021 *M 702M020 9 21.4141 23
ro2w 040120.2 772 772 e

722,2 7920 1120 77209'0M74
723,0- 3-4 72W 7220*00

"N2, S-7,.7 U"Il.7 204141 7272 W2 72 77 2114141 7
722,2 2401.1.7 77N43 42 7

733/2 C1 7727 740 M20 :;w 1

907/ 2 2007/0 721 sosm027 w0 9422 11=* 770 702407 2
2/7 W24 70 722) 770

In2, "1 377 02001 .434 20M 772 07') 72222 i'S12/241 2-
W7 2 2 3 0 3 4 1 / 3 35 7 2 7 2 l 22 2

07$2,3 C48 - 777*3'M Is 7277)) "W0 2-32
071,2 77 7722 so70' W 0 )3lo3

1712 2422003/72/*700/ 34722 0 712) 7700") 770 704/23.7 23

",2/ 041007#477 2.32 A19037 220 2* ," 23 702373V/4 2)

M2730 C000. Io,, great the intluence of 72h0 plastic both by theoreticeal calco/l3tion 304 by con/parain/0 fatigue
bhoer of th)o fl/2 03/22b. is 02)1//I by eonparing )2he 2722 invvstigawns/).To test tbe influence of the n7)1typ )0103d

Iad, type of blind ri/el (riset slemoand oiscl shank both of h2) in/02 head shboyc o 02h2) fal/gOc b2)acor, fte 7)/OtO
alloy sled2) with) t2)e Buldtd C2*rr~loel type (alUMliniUM 2037f000/ detailed in Table 146 ocm0 prepared using the
alloy nvel lee'e. teel shanl,4.Beause of the aI/Inlifl,u/2 e302galloy A357'T6.2 sed t2lo failre by pulsed tensile
sleco.lbtherebb30s as aofter rbt than) the steel2002 03/01,3/gb In hefatiguerange at)a s7rss0ratioof R - +0.1
rdoot. and the test2772*1)000are more fouorable %ith Blbod.'bcnme fylstoadreeemidinheet.ad

A t/102)fo7 thin000 fo 2)00, oofo,rab theo~l boe 2 ob.2ler diagramso prepared from )bho data arc00)0/A0/n
A frthe r0easo0 f2ore 350* 02)is una rhol estouti hlOIA7 I'g03 4,9-3.14.In F&3.4.1 are ohoan the positions of%al an tesil falur~psa gt te cstig aloy\35 1 facture. Fig.3.4.S shoos the spoci/1000 used for 2est
T16 usedf in2) thi hs ca 2/ad MO nd bole %al12 bearog o200i2)d hcreExomina2,oooflbresltseoealoltat lth
02t00n1th abo0ut 1% W//t than/ that) of 2271 ah*30/0)0 solid n/0000 the bead shape h)ato 00)50/5040 effeon 0t2W
-000022) alloyf0o'eO fore omnpaion. fatigue W2)hoior. and this is27true)022) 2))37 Of 200223000.

thW 0.e "lb Weste load 27ansfer and Weir seeondary
3.4.2 F42I'VoOBO2)47200202R110)04Josln 22/.22)ol i so2 n3/gand them n hih ot all=2)02 )efactos are bugher
CastinAlo.s As in th)0case of 070052)2 alloys. 22)0 fatiric resistance0of
Sin" t2W fatigue W2)hwou. of insvie/ ,0201o depends 00 blind nv0210/nts0032gOtlyk~eooO/123/))tofoo*dn0o2
2033y factors, ail th)ese influences base to b detenni/ed 200220.



Table346
Conipaati. fatboa tests on riveted jrts

(Norri datrer 4 8 nn, one stage tests)

Fastener Testp. e R Hole Total no Testp.ce
atera qualty*) of test type

pieces

Sohdrist A] casting +0.1 13 12 low load
"nnrsallhad alloy transfer.

A,367-T6 low secondary
sodi rivet -0.! 13 12 bendong

mooinersnk
rjck blhnd rivet -01 13 12
countersunk
Solid rict +01 13 12 Ifghload
universal head transfer.
Sohdlriet -0.1 13 12 high secondary
countersunk bo rdwg
Huck blind rivet +0.1 11 8
countersunk

*) floloquaLty l!" de toleratc range, driled nl tht tao-phase dnil.hoe quablty 13
wide tolerance range, drilled with pointed twist drill

Tableo 3.4 7
Comparatne fatgue tests on rveted j ints

(Notadarneter 6 4 m, one stage tests)

Fastener Tcstplece R ioe Total no. Testpico
eratetial quahty*) o!tcst type

Peces
lt-lok screw At casting +01 11 10 low oad
rivet unversal alloy transfer,
head A367.T6 lowsecoaday
Hi-lok screw -0.1 7 10 bending
uivet.asisersa
head
Taper-lok 40.1 7 10
universal head

) Hole quabty 7. narrow tolerance range, reamd, hote quahty I I: de toleracn
range, dnlled with two-phase drill,
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AGARO-Specimen

LBF-Specimen

Ng 3,4 8 Types of Specmnen
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Series T: LBF-Specimen
Casting Alloy A357-T6
Al-Solid Rivet with Universal Head, 4,8 0

F19349

lot

2eo

*140

I0"0 *

Series U: LBF-Speclmen
Casting Alloy A357-T6
Al-Solid Rivet with CSK-Head, 4,8 0

F19 34 10



Series W: AGARD-Specimen
Casting Alloy A357-T6
Al-Solid Rivet with Universal Head. 4,8 0

F.93411

to tooOt

Series X: AGARD-Specimen
Casting Alloy A357-T6
Al-Solid Rivet with CSK-Head, 4.8 0

F,9 3.412
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IOO

Series Y: AGARD-Specimen
Casting Alloy A357-i6
Huck-Blind Rivet with CSK-Head, 4,8 0

Fg 3413

Series V: LBF-Specimen
Casting Alloy A357-T6
Huck-Blind Rivet with CSK-Head, 4,8 0

Fig 3,414
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Various Positions of Fracture

Fig 3 415

A comtparisonl of the 1110 form$s Of re'STprCes (those0 with These comiparisons are poflra~cd in Fg,,3.4 16-3 4 18,
loer, and those111 with9highr load transfer and secondary The fatigue relsistnce of the nsicted joint15 Made with the
binding) showed secry smsall difference in the fatigue castingn~albtjitoadisis slped.lessgoodthasssth
strength as compsare with similar lestpeces made using9 the w~rought alloys. At a comber of load cycles belseen
wrought1 alloys. about 4 - 101 to 10'. the fatigue strength11 of both mlaterials in

'fla, n dsrct mopnson390151'1115911 0 tnan 10 setedconditioniscoparables and ahighserload cycle
alloys ssas posssle. because no data wsere aoadab,= fte fumb h ats loyA3.O bhodmrlatter contcerninsg the riet dt~melers sod tespice o stbl
dtmensionss used in the Present Case. To aelses a CONCLUSIONS
comparison0 bclett wrioght and casltur alloys as Iq, . All the Manufacturng Processes and commereolythe fati&ue resistance Of nseled joints the tests carried 001 available mehnclpraetfasteners deselopedester'sll ' wrought alumintum alloys wsee repeated using fo m1 o~ ~ehalmnumalyadteedo
the casting alloyA3S7T6 (4blit3,7) dale, are also suttable for formong joint1s with
To assemble the casting alloy ltti ecess the sanme fasteners aluminsum casting alloys, Compared wstht joints mn
wsere used as inthe Case of the %rougtalloys.Thers, anner of wrought alloys, the tested .tatsc strengths of joints an
dello he blssaso c ose toa -s cmas of casting al"oyarercomparablesinthe case ofsoldrst.

rbeattnersissneofhetsomteralsAftrc rigout bet lower ssth joints formed using blind nrssts 0r
fatigue tests ssith onestage loadog, the fotlossing fastener Wspeil fasteners.
tymesnd stres ratios swere comtpared; 2. The stl and fatigue tests carned out in the present
1ILos ivse bolt R - -f.1 pfrogranse clearlY contfirmed that compontents maJde
11,-Lot Iftimboll R -0.I of atamLum casting alloys can indeed be joined by

I" p erLo slt. i t bot R - +0 1 meas of permanent fatners The fatigue data also



102

2SO

ASGAD-Specizen
200

IS0 0

1oo

.oa

70

0s. Rivet: Hi-Lock, 0 6.4 HedihL Interfrence Fit
]pm] ...

Al-Casting Alloy 44
Series6 GK 21-30

A3.4364 Al-Wrought Alloy 27.
Series: K 22-36

Life of riveted Joints under one-step loading Cyclesof testpieces with low transfer and secondary

bending

F.g 3416

210

2z0 AGARD-Specimen

ISOJ

*100

1 0 ou

Rivet, HI-Lock, 0 6.4 '

"edia Interferene Fu Ipml
so1 F A357-T6 Al Casting Alloy 31

so . A3.4364 Al-Wrought Alloy
Series: 213-12

21

Cycles

Life of riveted Joints under one-step loading
of testpleces with low transfer and secondary
bending

F9 3417
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200 AGARD-Specimenf

ISO

.5 80 ~I
- 70

so Rivet: Taper Loclt, 1 6,4 Nedlumi Interferen.ce

S Fi1o
i 0 A357-T6 Al Casting Alloy

Series TP1-2apered Hole

.A3.4364 Al-Wrought Alloy
Series: P 1-12

30 . ~ * * ~ Cycles

Life of riveted Joints under 
one-step loading

of testpieces with low transfer and secondary
bending

F93418

$hooed a sasfactory comparison besre the productioot airciraft Structures Alumntuml +

%nmgrrand te Catnfgl~s SUFPL>CS IX EGLSI I 57 (Ml6) 6. PP. r

3, Alunmwnt Casting alloys are used not onlyin iurcrtilt 3/ 3adZit. 6/

coOsetca. but also ia many othser branches of 2. I1fafle;
tndury Particularly ,shn aiming ra reduce %Ncighit, Life of riel joints in aircraft constlJctwit

Sr'aadys the use of alumnm eastri;s In ALUUMl Mt~O + SUppLrEM~sTr IN ENGLISH 57

Sbipnuld~g. and in tire consruction of rat! and rad (I98I)2.pp.E, 12/1115

scic eis o ri eII Author,

4, itis sfil-oidrthatin each ndid laCl ,a3uatc DI* Kalnran lfer(I920).headaftheAtrlungsc

5 ~an oproizatiaonstudyss possible shold bccarncdot (resfs P ro Pduction Research fDeparrcnt). MUDl-

as regards Strengthr. coss seesre Ile. rclrability andI U lt CvnnGrtOSy.
.cight Al present sucfh informnationl is rot grnerally
asastahle, Since in insestigations of rhls type it h&% 3.4.3 NYoeitkr.Iiagnmnsof Raicttal TA14V
hitherto fbeen customnary to examnne onity those
Parameters that has a besinig on the strcagtlr. Introductin o prsspca atrrrrqie

3. The rsults o as 505nneamplrrd ~ Fr farigne dimeasioningofprspcatdtusreurf
1 le mllsof 1 cl mvmifecdv~lt-wsi~c l ,Nchha base resdotrsneslby tatigue rests NOwehteosts

inststioas indicate that sm fCansng technoltogy hav been ,Carried ant an daoublte stieaf spcimsens

offers the Possility of using Castings in aircraft (F3 4 , 9 ith ullts griiaitis rpofL
consttruction,. 'slicht %orsd require wery lite finish-.

bhe Specimens r143-5I39. 01.43-5140 and U-.52711 are

REFERENCES als in a' Figure .JA20 to 3,4.22, They Ne oru shecAr
R IEtERads "pcn$ ncludngthr: li-L.cks inarow1tliesfccimmas

Blas s so lu tio n f r th e eeo o ua e ig h tr eig h t ace 3 2 m . . i n s u h a n d 3 0 8 m o in le git .T h e W Ds o ~ter
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bait rtrop, haahctneso2.snartdarneerooT, Teseultsah
6A14V, __r ,h mateim inr pam h h middle has a All Quia obtained are tabled and shoms. as Woebtee
'Icr. of 4etadis aeo 'It 6A14V invsmennet diagrams io Figure 3 423 to 3 425. The exation wsno

casting meraol e Ifi-Locks have a diometer of 6.4 ruom d-,ebysn- ,3ea rersso c ot The hasis of the
The specimnens hasntbeen vteloimbledthe lr-Lck rhav ia"s.m evaoae roa a tagomtc normeat distribuon
been, nrt inserted. The specimens horn, ken manufactured en stress drction, The pessnon of fracture is shoast in
roithe Fotonfir~ igure 3 426,

Ek43-3145. ~ ~ ~ ~ ~ ~ ~ ~ Ib M5mnrnera roeceraei i e diameter and she rarpenta Ifs-Lad, fastener
E1,43-5271: (l.5mossho.exparidmehoeclearancetf diameier havebeen measuemlattelstotocio.h

results ohon batonw ore the mrediam rotors, of tam,
A liquid stain EA934NA cared or R.T has been used For measuremrenisdirptaced by 9ir
boe expanding thre ~pht-sleeihod" (SSCE) has been tnflaencirrflheShre
uedlhe degreeoof expanding wiazproxrmaiely 30/ Figunre3 427 compares the resulis of assembled specimens

srrih ald iseihoanshims. The difference is eoticeable, except
rst Pracedwa, for a Larger scatter.

The staic and d500amic rests have bems carried nonion the IsfluemneafEnpaedieg
load controlledlfnstron 1251 testeqi~rpment.Thespecerena Figure 3 4 28 comparesthe results ofthiexopanded andenon
har hero loaded op to fesoture. The specimens ,ime expanded holes It coo be said that the fague life is
dlamped rigidly. The diretion of load roan longitudinal to substantily improved hy expanding the bolms for T,-
t specimraes. Invstimentcasting.

lHole I

Spe Ire I Drilled and ivOet-Diameter
NOc I Reamed

5139-1 1 6.354 1 6.326 I-0.028
-2 1 6.357 1 6.325 I-0.032
-3 1 6.3S4 1 6.330 1 -0.024
-4 1 6.358 1 6.328 I -0.030
-5 1 6.357 1 6.330 1 -0.027

3140-1 I 6.355 I 6.332 I -0.023
-2 1 6.355 1 6.332 1 -0.021
-3 1 6.353 1 6.332 1 -0.021
-4 1 6.353 1 6.330 I -0.023
-5 I 6.356 1 6.330 1 -0.026
-6 I 6.354 I 6.325 1 -0.021
-7 1 6.351 I 6.325 1 -0.026
-a 1 6.352 1 6.335 1 -0.017
-1 I 6.352 I 6.327 I -0.023
-10 1 6.353 1 6.334 1 -0.01$

Specimen I Drilled and 'Exanded I Reamed Rie i. I Fit
N. I Reamed i I I Iie-i. 1 d-D

(w.) I D .)I d A) I (.

5271-1 1 5.740 1 5.930 1 6.356 1 6.327 1-0.029
-2 1 5.741 I 5.128 1 6.351 I 6.336 1-0.015
-3 1 5.742 1 5.928 1 6.354 1 6.333 1-0.021

Fig 34.19



Ti6AI4V-Castin, Ti6A4V-Wrought

Specimen Ek43-5139
- wet Assembly PRi436 G
- Rivets: NSA 5075-8

Fq3420

TiHA14V-C si. '-Pi3-A,-T¢,-ought

Thickness

Specimen Ek43-5140
- Wet assembly PR1436 G
- Rivets: NSA 5075-8

Fig 3,4 21



Liquid Shim, 0,5 m Steel
Thickness

Specimen Ek43-5271
- Wet assembly PR1436 G
- Rivets: NSA 5075-8

F.9 3422

ft. len. Wress
%ciaen RodO. ildth M04e In toWd towd kpI. C e Tact
N). T B D TxB PO Pu n N

(n) (-) (.n) (.') (N) (N) (N/')
500 5 Us o 055 002000 00200 3409 0 stntiCoi

333-2 305 31a 00 50000 000 v0t 8 040 i~nOf Frabn500200 00 U28 '0000 4000 100 "85513t - 40 0 124$ 30000 3000 801 2149 5 9 0
5,3,- 400 310 7 1.282 0M500 2000 15 00$0 ft0OSf C FralJ11$4 01 3170 7.1 2500 250 12 MUS18 Fbs on1 i fractumJr

S . ... S0X) -... . . ..... .. . 3,,,1) 3 . .. .

Soo00

200

....... F4. 10%

- i 300
S 800 .2O~lI050

70

0

Fig. 3.4.25 Seecieo E343-Sl39

I:Sent Casting IM6AM4
Is I %tl Hl-Lock. 0 6.4 w

Fiog 3.4 23
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ecim. Ihid ,dm Ible Area Load Load bpi. Wens Tet

NO. T B D Txs Fo Fu S5 N

(-) (-vm) (-6) (n-') (N) (N) (4/v ')

514023 1 07 ,160 12S 5 102000 10200 5659 StatiaCl
5140-2 '399 51.0 1207 90000 6000 2148 5804 &JI41. B
5140- 3 405 31.50 1276 4G000 4000 1411 10357 brtl.1. B

140 - 4 408 31.70 1293 25000 2500 870 114592 U,101. B
140-1 403 3140 126 30000 207 1007 45702

5140 6 410 31060 1296 15000 1500 521 1590425 A
5142-7 401 1.50 12 3 50000 $000 178 2 95000. l11. 8
$40 -6 407 5150 122 27000 2700 948 47450
140 -9 90 3150 1275 250 00 2500 825 2507525 A
140-10 397 3140 1247 24005 2400 866 60575 91.

5140- 6 410 3100 1296 55000 5500 1210 4565 I
140 -9 399 21.50 1257 12700 3750 134.5 20211

A - Not broken, raised up to Po * 35000 N respectively 37500 N &,nchl. • Position
o - Not considered for the evaluation of Fracur

So (Pd - 50.) . 78.6 + 286 9/e(10
9
5/5.905) 522

400

3 00 P,- 50 %gX"'.-. PA.105'\ ".,n

90 Stat. Rlability: % ---------------
s0 rreq,.. *20NZ
70 . ..... 01

0 Cross etion
501 69 910t0OC7024

Cycles N

Specimen Ek43-5140
lvestment Casting TI6AI4V
Rivet; Hi-Lock, 0 6.4 w
Liquid Shim; 0.5 mm Thickness

F g 3.424



1J i.Wt. .. Sum Cylespei.7hicl;. lhot Ittle Area 01M. ft.a i N Tx
No. T B D TxB Flo Flu a N

(-nm) (nam) (ram) (-e
)  

(N) (N)' (Nl/m)' -

5140 - 3 2.97 31.60 125 S 102000 10200 305 V I Statical
5271 -I 3.98 3160 125 8 40000 4000 143.1 105478 Mld1l. B
5272 -2 40 3 0 126 3 00000 5000 178.1 22912
027- 3 400 3170 1268 0000 3000 200.5 3516503 0 A
5271 - 40 0 3170 1268 3000 3500 1242 1349709 &V1h .'B
A - Not broken, raised up to Po 350N Bvn . Postion of

FraCtre

200

300,

200

e6

----PO -10% SO
PU -50

100 . P-90%
go Stat. Reliability: 95 %

o. FPcq,. - 20HZ

R 70 R '.0.170' ". 'm,.. RY

0 . Cross Sectio nUlmbef WOO 0O23

501 W-I- Ti .... ...7 ..... i . .
Cycles N

Specimen Ek43-5271
Investment Casting TI6AL4V
Pearced Hole
Rivet: Hi-Lock, 0 6.4 -
Liquid Shim., 0,5 n Thickness

Fj34 25
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Position of Fracture IS-

Fig 3428

0 Specimen £04345139 0 Specimen Ek43.5140

* .* Hi-Lock. 0 6.4 ma Hilock. 0 6.4 Mu

tat. Peiiability: 95 %

Cross Section

Cycles a
jot lUencet Shimiung

F.9 3 427

1500009 Csting TiGU4Y 10,009 Casting 2184.4

Cross section

Cycles x

Inf luence Of Pearciag

Fig 3.4 28



35 WELD REPAIR Ell -Electra Beans eeding
In gleneral a casting esay not be mselded milhont the 'fIG UTo6ternirtGaseldrng

* pertnnnsost f the user That mneans anso that the tnasirn

* we. ambe ad Place of possible Mleet %Kch maid be
pas-red by mselding. should be defined in a spwctwasnn. Afes-isIsarsops'rraeof I ded A 201-A Iloy

Areas nboid bepcifid.%eeedng inoalloejtsd Values of mselded npecenen equnatent cith the tone
thefree of defect" satus bas to beffailled by the fetresry niateriol (mnebbeat treat ment 1 7 after meldthng).
for tbis eane.
Defeetsin eon-ethtical areas of the casting tmay be reteases tae inW er nt from the base mnatertal (snehout beat

arid theeaunngeepaird byeOdin& acoarace mtbA V1S (M~i
264 using base mnatenial an fitle tatetiat Repair adding NfeebanPeop.
shall be pefoiwndn prtor to any beat treameetard final on WelsisgPeoc. E-pO2/Rot AS

slettotsetetisg D 75%/.

Values of neldedsi pecieets equihotent mitt the bwn 11(1 6F_% _
mnateril (%ithbhot treatment 16ahter melding).

Valaes to pee cent frees the bate matetial (cfshout beat Fostgsse Mwsacoss
Ireanseo A Nety~npenant fact I% that awcned area mill base scene

intluence on the fatigue life of the area, Conoeqeently tests
WelinfP lcdhan.Prp.p from melded areas mitth respect tn fatiguse le shoulsd be

Vstsg ec pE 2/Eta AS consductesd.

1E 95% 3 (M The follmisng exaniples (Ptga3 5 1-3 53) mll pa enagh
116 ;5n% tr dea of the dififerent bebaoicnar of ntldel ans ionnelded)

npectmets.

nMuwn 01t,

Ia-

itt.,it

5190 bi W!I

U'WI

S-N Fatigue, Teledyne Casting 1357 Alloy

r. 51
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I

S-N Fatigue, Magnesium Alloy Products, A357 Alloy

F-9 35 2

120to

asss

S'-ot Sp AdAAAA- AodWL'

- .otI sp-,nc.~ - att " r'tpA 0

Ntotded 6F~.-. -J,. 0

I ", ' i , - - t - -- 1 111..: 1

• . 2, to 3 1 -. 500

i~~~l ~~ .o! . - ; i "T 1
I'ii " 1 '" 

" r'

K5 , /, 01

60400

- -7 __ .
100

to -

Fatigue Test. Titech Corp., Ti6Al4V Alloy

F~g 353

IL
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'4.* APPLICATIONS supplier ofthetefomnatonfor that txemand not necessarily

41 LNIODUCTION thesoleesnxwacerr.lslny catigs %here the productien
On .fh~ni).,a~tag~f~gc ~ too .rnis expected to be large my ba= seseral foundry

One~~~~~~~~~~ afteeao x naeo sonsxfs erospace sources. For entpte. catings for the Air Landred Ctuise
structure is theirighdegree ofrnwxxt They caxt broe s Mrsle section rsotto no OMgor 4 19. bave, bert produced

* eti thicktnesnen frotm a few millnor in thickntess to * nethock lndunenALCOA.ndNdnnn Donrxes
coemptete airceaft subnectionxs including tadi anscemhlxe
blk~heads nd cannopy frames. Figore 4 111 shows an
expetcental taxi section fortheF-lfl.ltinoneofthelrgest 41.1 P~Ion C.sting
aerospace castings produced Atxhough tis partxcular Oxer 15,000 pyloni castxin Ixaxe been flown io the past 25
casting won produced under a reseaeclr nd xeseopxnt nears n Nothrop aircraft wxxhoux faxinrc. These orre f rst
progroowee and neswt reachxed productxon. it show the produced to the early 1960s ohet specifications, soch as
potenal of osxngs for onde spread loxecostoappxntxortin 1ttl,-A ZI!9. mere only being desetoped for aircroft
ftmresysterns, applications.Tenle propeties thxoghout thecastxng of50

For MM he ppliatin o =rigs n bd caryig st (345 hIPa) 1305. 40 Lst (276 MPa) YS nd 5^4

stmcturemaircrataettctnxxtcdbythertpxxxrdusofa elnainaerqie ihthe irroxoxton that a specified
castxngfactor,Pigxre 42 1 shows thefirstlnoxsopplct qixaxxxy my be slxghxly tower without reqtixoog a retest as
of a nestxng mna load xiee aircroft applxcinet o a a logontheyareoto tedxnttnchrentaes Onrcasxng

neotog fcto Sod noapplcoxxn mst b neefuly *destroyedineacx25crsecuxsety produced totermnecastng actr Sch n apliatin mst e creflly tensile propertxes One ottachxed terisxe copon to testedcntrolled irnt-sg the use of siatistxcally denied design froxnechnesxxgtoreerotsbettrnexmeetsoapcfxs
allowabtes. metallograpxie quality control. and increatsed yield strengith rasge Earls casxxng to requixred to meet grade
impeutxntechniquses. eesetheless,itis posshe BI radiographxc qaity Wrldxngto generally permixtted hut
The rerainieg figures in tis ectn were chaoers to shown aximited to size noid lonerxno.
nile range of aerospace applxcations demeonstratxng bxgh AlloyA357-T6
lrsels of nxplenity. vatince in sire thicknes or casting Spexfietiort fiothrop(ylAl 1310)
mexhod, For exmple, while most of the A3$7 Iteens ore Weight 65lb (291kg)
sndx catings. f'xgored 16 shosa low preswurepemaoent Wall tineknesstotence.;t 090390t (19 cex)
mould casting nd Figore 4 110 not instoent mxould Outer surfaetolteroee 695539t(l~mm)
nesting. Each figure is accompanied bya short drscriptxon to banic mould line
illustrnting what to uniquecot that pattieslar nesting noid Ntrxhanxed propetxec 1350 lot, YS 40 Ws. E - 5%
someofts vtal statistics (345lPa).(276NlrPa)
Thencompanyenaae anxpanyingneach figuretindicates the CeuttsirNordirop

F941
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4.1.2 Airbus A320 Cargo Bay Door

Purchswr MB
Spe iicatioa: DIN 29331 -Class I- to
A~loy,.A357T6
Wall tiknesstoerauscest 075't± 016'

1.9=10±4mm
Djmeoas.47 3'X736.4' 714.7'

1200 nun X 1000 = X 120 mm

IMecanfcal Properties:
Spccsf'imto VIS Al1pt) YSksipa) E(%m
Cntrcal areas 48 330 40 280
Others 41 280 35 240 3

3)pkab ata5COs5

Cssffcal areas 52 357 45 307 75
Others 51 355 44 304 6.
CouresryFondrics Montpct

Fqg412
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4.1.3 Pilot Box Slneture

NrchascrDault
Specdim~foniA*,3380CClas 1-0
AllorA357T6
WVdght-22 Ib(I0lg.)
Wallthfckn stalcranc.098 ± 019'

2.5 =m~ 10.5 ,m

Mcchamcal propati=s
Speciflotn Typilin Chstng,

urrs YS E (-/) UTS YS E(%/)
40Wsi 29 Vi 2.5 49 Isa 40 ksi 10l

2SOMpa, 200,NPa 25 340MPa 27$NlPa 10
CSS>1'QrFndxciMmtupct

F9a3413



41.4 l~Ading Flop Hlolder

PurchassrM.BB
Specification:DIN 29531- class 2
Aloy A357
Wcsg't4.3lb(2kg)
Wal hicknesswzlesan=os236't 50709' 012'

6 esa o2mn± 03 nim

Mechatocal properies:
Specy&odosss U7S ks! (Mff) YMkI(Mffa) E(%)
crtticaloecas 49 340 40 290 S
Others 45 310 35 249 3
73Pkaliocasfssgs
Croical arms 51 350 44 300 65
Others 49 340 41 289 4
Cmitessy FoundcsMontupet

F9g41.4
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4.1.5 IslisikCheA

PuchaseManactredarmsdc tulle
Specctorv A'le 3380C -Class2-0
Alloy.A3S7T6
Weight- 4 0 b (18 lkg)
Wall tlick essoleeaaces'.066't 012V

17m '0 3mm
coarle redeeies~foewupc

F~g 41 S



4.1 6 A.1t... ar Boes for Altt or.t Crornerc1. Aircrft

Aircraft anteam castings require the culmination of all

aspets of the casting process Encluding meotallurgical
integrynssoettadieninaladsrface inish precision,

Process. LowPressure Premeneotnmould
Aloy.A357
Spcctficain. MIL-A-21 180, Class I
CeskafRequjrersa
A. Shot Badsv I00% radiogrophic to grade B sssrh a
mrinimumassallt hichoessof tho mst section of .061 t 010*
(1.6 *.25 ro). Radii cast to.020* (51 mari) and a cast
recessof.0S06 .010'(1 27 1,25 mm) Weigt:tr66 lh(29
kg)
B.MAed Base. IW0% Rtadiographic to grade B ssith tire mast
sectionohasng a %,all thickness of. I00t .01 0' (2.54 1 .254
mm) and a cast step of .0 10* ( 254 mm), All dimnsions ±
.010* ( 254 mm). Weigrtr.87S lbs (209 kg)
C. Lonrg Basct100% Radiograplutcto grade B. Mast section
nail tlockncs .187 ± 0.10' (4.75 :t 2.5 mm) sith
straightness, held to 0.15' (3 8 nun) eada cast to 028'* (76
mm), Wright. I Olb(.830 kg).
Couttesys Progress, Casting Group

Pi8 4.16



4 1.7 ForsdSuipport Housing

A cornpc asting ndth coneritic "sa 0 080to. 120'(2.0
mnto3 Omm) thck ithagd samishithlgh and
censistant mchincal poeres. Inathe onstrctin of the
mouldda total of I I interna ]eorcs aeusedlbTis casting used
in the F. 16 vveighs 34 lb (15 kg),

AllorA337 0T6
SpecificassniiAlS 4219B
hlhtodlaios Bottom poured byLIP. and process.
Tpkaiibifecklhapesses:

Ci~nietsroacoeg yield Tensile EV

strength Strength
Low=io Aierngeif 41i , 'p) ksi (M1Pa)
Dientrance 2 42.06 2900 5026 346.3 3.2
Nlotnting~sads 2 4003 2760 47.145 325.1 5.3
Splitteeflaiege 3 4009 2764 44.30 305.4 32
Bottomflnge 4 40.34 279.5 49.04 3161I 4.5
Thin '211s 42.63 293.9 45.06 3162 43
Specemin.(cut from astings) 3000 206 9 3800 2620 20
The tensile resulti showvaagood degree of consistency of
peopeties throuighout the thick and thin nailed arm of the

Conirtesy Haley Industies Limited

Fl 41.



4.18S Bdwc~oia

Materiat Aumim A357 T61
Specifiatio,'MILA-2) ISO

Mechanical PropertyReqofremerts:
Critical: OTS 45 W.i (3A 0MPa). YS 3) W s(214 MPa).

Non-citical: UTS 38 ko (262MSPo). YS28 ksi (193 NfPa),
E~orig 4/

Wcight 49lb (IS kg)
Size5'X 12'X 10'(1320=ox 30$=oux 254 m)
No or ctes15
SSoa lbkocoo.160' to .870' (4 06 toto22 I mmr)
Dimensional tokrco ± t.030'(1,762 mm)
Appliootio:liA stress 0% otlhige fo commercilarcrft

Coo rtcoyllkftchock Industries

F~g 4,18



4.1.9 cruneoNti~e Fstage sectto,

IM is one of the foor taod setions Ohch make up the te
casting fuselage of the Air loosred Cruise Nlsote
(ALCM)/Thoefour sand castijs range in thickness from
'/,to 1'/'(3.2 mm to 38 mm) and are machined only on the
marog sorface When impregnated to insure agaist fuel
leahage and bolted together they form a 13 ft (4 0 in) long
tankassembly oeighog approohotefy 400tlb (180kg).Ibh
"tire ftssbge structureis approximately 21 A (6 4 m)tlong.
Cotesy7ettoeingac opaity

F19 419



4.1.10 Bell Hcelicopter 406 Combat Scouts Outer Snanhpble

Proesltivestaient cast in A357 alumnsium

Ts swshpateithe dynaskccoponenpoidngfocts
necessary to apply pitch Ii the rotary wing, thus providing
the heticopter oath nmaneuverability, This in a single load
path design oath no redundant system. thus hecorning a
critical pat in the flight regim
'The pat is a 20' X 20' (508 tam X 508 tns) vacuum melt!
vacuumn pant inestmnent casting nith eared passages, for
sneight reduaction, Tlan radiographic class OB* casting
censsstantly provides closs '" radiogeaphic qalhty vvhiels
retahs in tuperior faiigse proatses

Coastesr. HovvrsselTurbine Componets Corporation

F.9 .1.10
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41.11 VerticalStabdilmr Subtructure

An experimental scrfical stabilizer boilt for potenutal
application on the General Dyamics F-16. Ibis large thin
wall cast structure met or exceeded alt the design cteria.ln
addition to metmgrnichanical properties the actual weight
wao49b(22g).erwasmasimum of$2b(23kg) andthe
part achieved two life cycles in the full-scale fatigue tet with
no failure.

Alloy.A3$70-T6
Wetght 52 b (23 kg) maximum
Size,, I S'X 3.5'X 4'(3500 mm X 1070 tm X 100 mm)
7Iplcal wal: 0.80" (20 mm) - 30 to 40% thinner than
typical for castings of tns size and complexity
Speci fications: M I L-A-21 18$0
Mechanical properest 45-36-4 high tress areas, 35.29-4

other areas
Casting process: Dry Sand Ascmbly

Number of cores 37

Cotrtesry Alha/Goe ral Dynanifs

Fig 4111

I
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41.12 CartopyFramse

Large framse cost StfUcture for the Oveosrea F-14 caopy
Requires high mecrnical properties and unique heat treat
and stroghtening proctices to achieve dos dimntsona
requirements for it to the aircraft structure. A total of 774
castingsssere shipped fromu 1972 to 1987

Allo. A3370-T6
Weight 98 lb (44 kg) ruaviuu
S=4 X 24' X 134'(1041 mmux 609nmm Xc3403 mmr)
lpical thickneso.123'(3 17 nuns)
Specifications.lsllL-A-21 180
Medsancal Propertieus
IllS 50 W (345 hiPa). YS 40 Ws (276 MPO).S-%el

high stirss aitas
U11541 ksi (283IIPa).YS 31 ksi (Z14 MPa),3-Ml

other area
Casting processrty sand assemsbly
Number of cores: 97

Cositesr.Atoa

Fig 4.1.12



Speciafon: D1N29 531 -Cans1-
Alloy. A 356 T6
Wall threhoess tdoest= 1.8 mm + 04 mnx/-0 2 mno

070+.016*7-,008*
Dimnonso 700 mm X430 mm X330mm

(27,6X169'XI3)

Mfec;tacdhetpenes: lJ7S(.kP.4) YS(AfPA) E(%)
Critical areas 340 270
Others 310 250 3

Ibis comoponernt belongs to the pnmMt structure ad is
located in the forwsard eatyino air intake. The old sersion
consisted of 13 osaduod pnts/9 shee metal ports and
e.4G0 fasteners. The cast aersion consists of onei pat only
1lyeornparisensttstheold versioncost reslutionsofoot
than (,0/, at fth stnse wight sate aehiesed hy sing the
easng,
Countsy MBB Qdessetschinitt.B36taosaBlohm)

*F. 4.1 t3
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4114 MflRCATonedo: NIB CnreeStrtcture

Pseirser MBB (NfsrsesnttBtl0W-Bohas)
Foundry: NfeinGeninaaslltal

Specificatior; DlN 29 31 - Class 1-0
Wall thickoesstleraceav 16..n ± 015 err

.063':t 006'
Dimenson 5IOeoX260rnrX80mnn

(20 I-x10 TX32)

hfe/sasolroprns'UT(MPA) YS(MIPA) Ej%)
etca] areas 340 280 S
Others 3 10 240 3

TeNBis located is the fixed sing area of the MRCA
Totendoansd is a primarty onpoocor. The serits trsion
coexists of 15 machined od Ashe metal parttllso coxting
consists of only one lirrt, 'false analyses have shoot 201/
usesgt taings and 25% cost savings for the casting.

C~rtcsr~fBB(Nf~cFsfl.4,t 1430%Boli



42 £5357

42 .1 Gnet D)-.iscs F-t6MdtdtarCo~zmwo Wnet
DNct Ctisting
Itbis is the first attempt to pcodice 3 cost structurat
cOoronnt utiliziog no castinsg factor (t.33 Gie goo/ of
6as casting requires 50 1si (345 MfPa) IIS, 40 ts, (276
Isia) YS noid 5% eongation. One casting is dstoeteyd in
curls 20 cosecutisety produced to determine tensile
propertirs. About 80 tensilto coupons are obtained ad
dendinte otto spaciog evoluated. Each cosv-g ssll meet
grudes A&B rodiogrophiquaoity Weldingis permitted btt
Itoted.

AttoyzD3S7-T61
Wolf thick~ness tolerance: *.030- (76 tot,)
Dimsensios Length - 25(635nm

NVdt-60'(1S24-s)
Mechanicl propetmLSetl- 50 Wss (345 MsPa)

YS-4Ots(276ltPa)
9- 5%

Wrigtsapprox. 478 lb (21 kg)
CourtesyGeneral Dynamicse

F,9421
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4.3 A201
4.3.1 Turboclatte Comspeessor Imspeller
W~s comepressor wheel is cast for a West Gertnan dies)
engie manusfacturer. for Use in a lwin turbo boost
applicatin. 1(01 allny sea selected for its resistoce to
moderate elevated temtperatures dating ase and the high
steength required %se functioning at 20.000RPMN

Aftny KOVVT(A201)
Castiog sines 3.73' X6 0' din (95 mat X 175 tttndia)
SectinslhiclnaessO04S' to 3.75'(11 mm nto n95 tmm)
Grasin ainge: 130 to 300 um
Meetainical peopeetieaTensete 69kSi(47SMPa)

Yield 64lis(443hl1 8)
Elongation 80k

CouretesyCeecasl Industries

t~r:7,~sy .. rug=

FiK43
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4.3.2 rtreBa olttctr

This strength casting form art integral part of the canopy
structure of a US, rnultary helicoptr, Originaolly, the part
wsas fabricated by risinga central maodsleoosoithto
KOI iovestmsent casting,; or the estreuti .Significont cost
savings "sre realized bry the ctistorner by raving the
comsponent cast in mee psece Today. over 500 ports hose
hern delioered for this successful progranrrse.

Attoy>KOlT7 (A201)
Castng ize:2.8X 11.7 X 4 2

(554 minsX 297 irsX 107esn
Seton thicknce:0 085 toO0 4*(21 errs to 10 1 in)
Grainasize range 140 to2tOurn.
Meehoricalproperties:T1enso 603 of (403 rtN)

Yietd 58.5 Ui(403MhPa)
Elongatroo6%

Ccoirsy Cercast Irdustries

Prg 432



4.3.3 Engne CoataolSupport

This stnuctural catingis used as an entgine control support
for a US. missile. evceloped sevral years ago. the part %,as
dcosignedmi KOI in order to take advantage of the high
strength to seight ratio neededithis castag features heavy
mounting lugs adjacenit to thin stall stiffening abs sstth
uniformsly high mnchanical properties throughout.

Cagting atom 18')t 16' x 5.7
(45f7 mmX 406rtmmtX 145ann

Secto tihInes.O2toOSS'(3 morto 14ot
Grat tine ranget 1601to 220amr,
Mfechaincal ptnpetiesrTmice 65 Okvr(446 ItPa)

Yeld g5n60,s5% 6NN
Elaieo 6.5%i(6 lla

Ceuttes Cereast Industries

ig 433

_____________________
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4 4 I 6AL-4V
44.1 OpdcItePointing S),rt
The application for the too invsutment cast matiog ports is
anoptia pointing systemn. itarim n was setocted becoose
!he ceobination of its lightweight nd high nigidityresuted
in the ability to nbexetremely stabte pointing. 'The
coropteity of design precluded manufacture by any
technique other than costing,

* The hollowo square tubular sections %ith -ecrail bulkheads
* on the yoke sere croated wnith a sotobto nox core sstiet is

clui to reduce afirinkage varnatront. Walt ttictknens in
sosoesectsooof theunnoare a riut 0 10'(2.5 mnu).The
three round nections on thr bottom of rho yok~e were
produced with mechanicat cores and toose toot pieces to
create the undercut deots.
To conern comptete freedom from ecoduot stresse ofter
creep hot siig, the port is reracomao mmcatcd msihot
fintunog.
Typata mechaoicaltpropcrties-
UFIsbsi 137 YS Ksi 120 %

Mpa 945 ItPa 828 12%
Cnrtomrer Butt Acrmpocc
SpeeificatiornMtrL-TSt91S Type III Conp A
AlIorT6AL.4V

Coorttesy.Ttech Itrernuroionl

F.9g441
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4A4.2 Exhaust NouleActraio Ring

TI 6AL-4V Alloy Exhaust Nozzle Actoo1too Ring for
militaryircraft gas turtirecrine.his inticteinotnzo
casting inclusdes three (3) separate annular cores vith
lunred aocosssshon usthe cross-swimooclose-up.-ight
diensional tolerances require special posn-cast sizing
operations. Extcusive area of thin alls add to the
carnplexityof this 30lb (13 k~alo.Oealdnoel
41'(O4Omm).i

Spexitficaucot. General Electric

Coa sr. Precision Conuparts Corp.

Fig 4.4,2
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443 Fan Fnose

This complex gas turbine engin component is the largest
ere-piece titarnium production class casteagof its land
There are three major concentric eeres combinred in this
sitre-the-att casturV hev wanlled flanges % hicdr support
twelve hollow, thin wall airfoil struts. along with heavy
engine emont bosses and an internal hrousing srhich
supports the mtain turbine aste. Several through-core and
blind end cores are contained througfrout this intricate
casting.
The development of this caring design resulted in thre
eesiriein ofta ninety-plus separate piece tabncatren. a
significnet onigtrt reduction, artda saperiorairflow path. all
oftuhch increase total eogine pertnrace.

Technrical datx M-6AL-4V Alloy
I lip and heat treated
5 1(295emn) damseter
300 lb, (133 kg)net catingssweight

Sptiartrn. eneeral Electric
Couttesy- PrCiio Castpartt Corp.

Mig 44 3
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4 44 TFE1042 front Frone

GarrettTurbiee EneTe Cmpany
Thaeieei6AL-4V
2 1(533 m)d40 4OU(18 g)

The front frarri is a critical structural comeponent of the
6GTECTFE1042 gas tebi.ereegini el ysppoi~c the

the ahifeaee.
The casting pituroed ra a comeplex teid-wwe titanium part
Juch utlizoed state-el-the-arl ooring tefology, Eight

help totates this challengig 20 stmo casting.

Fig 44 4



S. QUALIYASSURANCEMI~i0DS/CORROSION lvll. jslibrary Specticationsor lluodhvootis.
BEHAVIOUR available fro.. the UfS Nasal Forms And

PublicaticoCoiter

5.1 QU1ALITYASSURANCENIETIIODS ANIS. Aerospace Materials Specifications,

5 11 Ge-l available froms the US Society of Automotive
Buyers and casters most agree on the meaoing of quality. n eo1
Eavh factor affectiog quality must bo deierds by a set of ASTbI. Speciflmumins of the Amenc= Society fox
rudes for inspcting castings Amd criteria for accepting or Teong nd lsotrnals.

ee~etiomstigu.asndabto fr AS AMI in the U.S

Specifications must be set op for alloy comnposition nd SAr, Society of Automotive rrgnirs I andbook.
mechaicaln properties, hsardness. surface coniton and This has limited use as the handbook covers
interior soundness Inspection my include chemical swrought fotenns materials only. SAF handbook
odlyses, tersdse. impact, treed and hardness, tents. vsunt asaitabtemntheOUS
tmcrmtmucture examination, fluorescent or dye penetrant
inspections X-ray inspections. gamma-ra). oltrasceic And QQ Fedteral specrimlsons (U.S)
speia tents most be descrsed and corned out to enoeAvailale from USNavat Forms and publications
good agreemnt unsung the produices iospuctors and the Cne
causomersiospecoes. DIN German matrinals specifications.

'Ibe wsord "qnaltdoes not tmply any particular degree of availabtr from, Domlchen tostitrit far Nonmung
desirability It designastesa combination olctaoactcrtstico to LN, Lufinorm - temmwnurcraftnpcifiaoex

osecficatig.P Brejib Standards Institution tenting
Quaity is relatise And net absolute What my Ire good specifications avaable PSI London. England
quatity in a particular prodnct when used for one purpose.
may bsr quite inadeqnate if the same product is used Iot a A]IR: French Aircraft nom standnrds.

difirantpurpse.available fromn Msinistiee do [a IMfense
dilfreetpurpse.Naionale.

In engineeringand industrial %or), this situation is governod
by specirfianons or tent coden, %titc define standards of 51.3 Qality Assurane at the Foundry
Iualtay recuired under different Conditions and state (hoc Qunity Assuranee of matings =m he dcoded inlo quality
hlts. Sods guidance simplifies deciding which quality assurance ecasuen at the enanulacturers (foindy) and at
standard to maiotain. stating the vaations allowahle and the buyers.
methods of measuringthem.'7h" stanida rds are hasod on
enpuneecessith the kind of pemodact concerned. Qual ity control at the foumledy commencen, spon arrtval of

the material such as the rain material. non, moulding
Rigid controls geeally implya combination ofi gsqality, matocnalsanidbinders;
toe squantityond highicost, On the ether hand. more flexible DmninlcoUwt dutet n a aiiisa
controls are apt to result en laner quality standards, greater weAscio mheassuing adulenrla t fctes aoos,
quantitien and toner cots.7The designet must halanee the setu lcrnCmauigcnpetrlt osetos
degree of quality content against the casting ajphication. to putterns and atings so that production is monitored right
aelneseacost effctise, solution according to Iris needs, fromr the early stages of the process through to serxen-

production. Analyttcal equipmnet is used to record the
'The term 01'emium quality' is becomng a mote frequent composition of the ondres masss and castings. and the
descriptive requirement. Premium qnality castings hasing smallent of Additives whichi ore determined for the
better internal soundness Aod inherent high mechanical Achievemsent of certain propert ien.
1 stopettic are mote costly than otinitary commercial In Addition to An ausseseet of the texture and the
cassings.7heyshould be used inhighly stressed components determinat ion of mechanical properties (tenuile tests oni
for scrssce under sesen conditions or substituted for parts eralcn.itglycstpcmnsndoseies
fabihcationedf otrot ll - hr ihs trg~ taken from the putt) X-ray and d),: penetrant tests are

carried ontit sorcoer. qualifiation teots can becated ot
Conclusisely. it con be said that the scope of tenting onthecomponenit
constitates anlimportant cot factor so that its cvvpe should To summoner. the fol lousuig quali ty assurance methods are
Ire Aidjusted to the took of the comeponcot. Espressed tn applieabile toecatingn.
sinspler terms, the scope of series tents should he 'as
extensive as necesszty but as small as possible. *qualified material

5.1. Speiliatmos *qualifled persone
5.1.2Slicifict~o. documentation of processtlie tsecfication is deseloped by either the maker or the vsusal inspection

usre oi specifies the inlenied condition of o casteg *dimenoal checks
thoughout its manufactiure or uoen its completion. A *penetrant test
specilikition must consider nt only what is possible. *X-ray tent
desirable and necessory, bet Also what is practical, either *metollographic insengationi
tniwnor in the futu re. tensile tots on sisciicns

Specificaoos concemog Castings Are listed in Table SIL o component ltss
liseabbresiationsfor most commsonsefctinagsn The testig facility shall be sutse~vd and Approved by the
below casting porchaice. The tent facility shal be renpoosibte for

La
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Table &1
Spealcatas

MIL - A - 8860 Airplane Strength and Rigidity,

General Specification for

MIL - A - 21180 High Strength Aluminum Castings

MIL - C - 6021 Castings, Classification and Inspection of

MIL - H - 6088 E I.C. Testing Procedur as related to Heat
Treatment of Aluminum Alloys

MIL - I - 6866 B Penetrant Inspection

MIL - STD - 276 Impregnation of Aluminum Castings

MIL - STD - 453 Radiographic Inspection

AMS 2635 C Radiographic Inspection

A.iS 2645 H Fluorescent Penetrant Inspection

AMS 4228 01 - T6 Material Spec.

AMS 4229 K01 - T7 Material Spec.

AMS 4241 Aluminum Alloy Castings, Sand Composite
7,0 Si-0,58 Mg-0,15 Ti -0,06 Be
(D. 357.0-T6) Solution and Precipitation
Heat Treated Aircraft Structural Quality

AMS 4242 Aluminum Alloy Castings, Sand Composite
4,7 Cu-0,60 Ag-0,35 Mn-0,25 11g-0,25 Ti
(B 201.0-T7) Solution Heat Treated and
Overaged Aircraft Structural Quality

ASTM B-117 Salt Spray and SCC Testing

ASTM B-557 Tensile Testing

ASTM E8-82 Tensile Testing - U.S.

ASTH E-34 Chemical Analysis of Aluminum and
Aluminum Base Alloys

ASTM E-155 Radiographic Standards

ASTM E-165-60T Methods for Liquid Penetrant Inspection

ASTM G-44 K01 Corrosion Behavior

DIN 50 125 Tensile Testing - Germany

LN 29 512 Tensile Testing - Germany

BSI 4A.4 Test Methods - U.K.

_ _ _



!hteperformance of all inspection requrerments as spoeafid Certain types ofdleecrcohsnous upon sslamiation
inthedatasreo. of the casturg cracks. cold shuts. ceramric inclusions,

5.1.3.1 Preproducoon, Tests posttinse metal and mirssing features These defects may or
In advane of producuon unless otherwise specified inth may not be discovered by other NDTI methods, and should
contract or order. tvoo castings. hteat treated and beoeedothursann.
straightened to drainroresreometthalUlbesunritted for $.1.3 6 Ilardireonstasutemeo
exanaion and rtitten approval 'The resistance of metals to plastrc deformation by

Oecsigsalbe ideontifiedt as the *dimeunoal sample- indentation my be meaured by hardness tests such as

and shall be fordirrestan approsal.7he other casti I gshalt rnlRcwelAdVces
be tdenldled at the 'fouodty cootrol samnple' and shall be Htardiness is a good indication of coensteocy and obhen
for X'eay and strmngthinspeo as necesnatyforapproval correlatedwith cheeat composition and heat treatmen.s
accordingto the procorement doacms a cost effctive cntrol ofastngcceptabiliy.

'The submitted castings shall be fully represeentlse~ of the flardoessceetificationiby the foundry r, groellyepresed
foundty practice that anllbeusestin protuction, lfcfollsnare as arnge(fora speesilbeat treat lot)asa result of tesng.
required. thet sioe and location shalt be petmnanrelly 5.1317 D,eanioanlbonol
identified and recorded, Peuring temperature of the .1je dimensions of the castings shall be within the
suhoietted castmngshalltbercorded. diensins and tolerances spectfied on the applieable
5.1.3.2 CtiemikolAal),it drawings
Chemile compositions ts usually coetrolled by a cartfied Chapter 2 of this Hfandbook outlines the tolerances
masterhcat assuppliedto thefndrybythealoyprodcer recommened foe castings, More rigorous tolerances are
It is necessary that each melt prepared foe casting be possible and will depend on the specific part, the easeng
analyzed by spectrographic methods in the foundry procer and thejustiflianafortincreased cost.Users with
regardless of whether a master best or returned gates and speric pohlems requiring closerrtoleranes thinaacceped
eisaesareused. standards should contact the suplitre ith tpectfre details

The foundry shal certify this chemical compaution foe a Casting Acceptance will gcoerally behbased on the foundry's
pa ncotar hatch of eastings according to a pre-dtemned abiity to supply parts which mint the cosnmcr's dranre
spoeiationuchosen hy the user. spedctirns

Sggeted specrtrcatroou Ccrmplen =rsings employtng cast tooling posints or

'argeted' spat faces requirnng supplemental machining
ASMI C34 Chemical Analysis of Alummim and operatios atan ostsdefterlityareoften 'sorctanpctmt'

Alumrinium Blase Alloy,. atthefoundrybeforeshipmel.ln this waytheuseris ableto
inspect and approse the casting dimensionally before costly

hIILA 21180 Ifigh Strength Aluinium Cstings. machsining operatssArc perfonmed
ANIS 4241 Atummuam Alloy Castings, Sand Composte 5 13.8 Icern~rer7

0 i5I0$fe-0,1 II -0 06 Be (D3570- Due ta the high sensvty destred for the tnspectioa of
'P6) Sotuica and precipsitation Hleat Treated alunium castings, fluorescent penetrant ts preferred to
Aircraft StricturalQialoy dye penetrant inspectiont. Penerrant teapectr is a sonrtrs

AMIS 4242 Aluminium Atloy Castings. Sand Composite nort'dostmetrse method for detecting cracks. gas and
4 7 Cu - 0 60 Ag - ,33 bIn - 0.23 NIS'- shrinkage porosity and ceramic inclosions. 'The technirque
0 25'Ti (B 201.047l)Soorunfeatreaed employs a highly peetrating flanrescert liquid swhich is
and Oveaged Aircraft Structural Quabty iiiblo under *Bllack Light*.

3.1.,3 Go Crneeofae~fqialtter Basically too systems of fluorescent penetrant inspection
In the liquid stale, atamimamt Alloys always dissolse gases are rcommndedla for aluminium costrgs
and mainlybhysroget.This occluded gas is rejected %hainthe A) 'Water Wash - 'This systemn mplo~usg a eater
sotidhfication occurs, and can create porouites in castaegs washable: penetrant with excess ramosed! by enter
Thea. to decrease the gst content. the liquid hath mast be spray is most swrdely used and recommnded,.A higher
cleaned with rtroges. chlotieor argon. And thesetesef of the detectro seesitnsty as possibletifthe procssedastng
gas coerent must be chocked beore the pouring operations. is dusted stith a posideredldesetoper
Seserat kinds of appiaratus are Asailable on the market to i 'Pslmusfd -Tepseasrcdertnts
perform thtt inspection, not ""Esfe " sa he posmsty. emulsifieern as

.q.1.3.4 inat Trotrer apphied to the outface After penetration and then
The heat ticalmeelus of castings are one of the main steps of wrashedi away. Emulsifing tirme ts crtical And yselds
thre fabticalion All operations of heat Ireatment mast be tmprosecdsettsitsityofdteection.Agantteprcsscd
scry precise and checked. First of at]. the flurnaces a'td casting may be dhsfl with a pandered dcsetopee for
facittiesc sill be certified by the quality Assurance easier defeatccdetetro.Thpost-mlsifiittratment
department swith a complet inspection tNice a yeat, is more labour intense and results In tugher costs to
Secondly each phase: of heat treatment mast be idntified the user,
and checked (tempeatures, tmeasurementt Andi mechanical Ultimate defect detection 6s possihle by chemically etching
properties otn attachted oos) the casting surface prioe to penetrant examtination The

5.1.3.5 Kw.saliniprcnan etching procedure employing at inisof aerds and "oingFahcsigsalbeexamntedsiisaty, agents, reeose smecared and crnarare~d atertat In
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GENERAL INSPECTION GRADES FOR CASTINGS

3RAPE - DESCRIPTION

A Very difficult to attain, requiring castings to be
free from all defects detectable by X-ray examination.

B This is a high standard which cannot easily be
attained. Multiple gates are often required to
reduce internal shrinkage to an acceptable level.
it is also difficult to attain consistently, since
small gas inclusions are cause for rejection.

C This is a moderately high standard which can be
attained consistently with adequate gating and
good foundry practices. Sampling plan is allowed
with this class of casting.

P This is a liberal standard which can be attained
___ easily with most configurations.

exoe the uderisuctur.Agrn.hslahourorensie Grade C is the preferred X-ray doass for hogh qoolity parts
nd hence expemser process is recommoended for ooly the (lowstressedt areas). Grade V) is preferood for general X-ray
most cuncatugs esorninososs aod allows a retosey Lorge degree of
lIre fowsing specsficarions ore recommended for imperfection or discontinuity.

p~ iEnetrrorrnsp ethodso ~ ud eern AccordrogtotheclaoseshreissdefioirboninhtlL.C-6021
Inspec 6-6T tono sqi, oern for each discontiuity ike gas holes. shrinkage. foreign

AS24 f FuorsetPntatIspec tion material. spooge. shrnk esurry. dendrrc rod filoomentary
AMS 645f iroorsceo Peerrot Isisetro lhe contractor shall establ ish the class rod the grade

1h11L,16866D1 ?ienetrrol lnspecsion

5.1.3.9 RadioguPhlropevro Itis importat to nootht the ost ofcsirgs dependssery
Rodrogrophie inspection ts one of the most useful tosin strongly on the defined class rod gradc.lbe followsog tahle

c ' showus some puice imphicotions of radrographic inspectioneosurg qultyasurce.nd is csomoplace inall casting (mnrsded as guldelnonly
fouodris. For alumioiumminvestmentcastings, the preferred
radiaton rsou rceis X-ray with acsarera povsr generallynot Caming erorts reslect Lohourtz ori stertat costs as well as
escef tg 160 Kw increased scrap rejection due to non eonformaonce to
lTre radiographic ispection shell he perfotrmed to csficarrons.as a result of shrinkage porosity, as porosty,
accordlance wih MlLSTD.45 3. ASnIE. 155shallbe used cracks. inclusonos, oxides, sod segregaions of alloying
to define radiographie aeceptance standards. clesrreolstc.

Aecordioglto the classes defined in htlLC*6021 there are Tefn rir petears c eomne o
four Xray grades (All.C.D) %hich deserihe the quality of radfloigatspecitonsaercmmne.o
the castri. rdorpi npcin

Grades A& B are extrensely drf flt to mteet rod - as the M~L.eSTl)-453 Radicraphicinipeccrou
case of all X-ray specifications - one should designate IltC6021 If NUT Clssieatioa & Inspection
selected areas (highly stressed area) of thre easting ushich AhIS 2635 C RodiograpcInelspection
must meet this speefrestios. ASTNI E-155 RadiographicfStandards

CASST CASTING COST REMARKS

Grade: A+ (30-5O t)
B+ 8-12 Casting

D+ 1- 3 %) Level

Class: I+ (20-30 %I + (15-25 %) Casting
3is, +) Inspection

(0-1 % ) Frequency

4



AO4,ae. sine or DAS coantrols (Chapter S 1.3 11) together "ith

fire ASFME 155 andard& represent samPles oith integral cast cmrpoirs
thickoesiof % Inchanid/% iric Theyoaetsotodoptedof Sperfition AMIS 4241 exists %hereby the msechanical

'the c r s ret %hris teano of2 art It~ properties of attacbed cast erajspios orc relted to the DPS

mostho kown hatthe esorry f rh X-ry ~ratio of couonis from a speerfic cosisf area, to estaiate
mustea lovst ht the,~y thXness be pc s ions propertis ofta spectrec D357 casting area. [n this manna.,
bnceased ah lotit of the ethdness becmthner. aodiasl casongs ad partts of Castings may be

bcuetht.r orhi hoaesy fo r ehod1 future d ohrate rameanialyqualfed byeieaingtocalsurface DASoond
meaas thtisilb cei o pfte toet.~e rim knooasgthepropeties and AS ofttached cosoon
standa~rds sugh adaptedi refereoce-apeBtbfo,
hasing these onecs, it cao be very helpfol tor usc reference It is impsortant that test speimmest designs be uniform

raifroojoess chon among representotire ltmsohto,nel era throaghout rho indostry, ApsplhIcah speerfieotioof coverng

tha samecotng family moechicalo tesing of static properties arc as folloo

ASMIB8557 TenvleTestirig

51.3 10 MichanpopvtieO ES! 4A 4 Test Methods - ONK

Castings arid test baes most be tested to ascertoa that IfS I8 TersileTestIrg-t1lK.

mechanoical property speerficotims are met. Te strerigf ASTM ES-82 Teoisotesing - US
requrireent of the casting tested is foil sire shal hoo as N29512 TensiteTetng-G(ermiany
speified onthe droirig Orinother putclasorsformatroxv OtIs 50125 TeoiteTesiog- Germnizy

Meeforoical testingis, of ten tire finat serificatios for cAstig N'ourt
integrityorandanalifiatioos a" resaltof correct ceistry, Doe to the geoeral ly tin sections Of alU mMMioi risent

rijcrostroctoea, NtloWdbeat treatingecontrol parameters. musgs, test bars are sslistriidard in size.

As standard pnoci ore, the foundry should east separaste Whren comparng mechanical properties ateerised from

test hat etastee from each melt osed to produoce castings. substrudard bars, gasge length. testing speed. ond test hat

aod mate ovailable the mechainicot properties Of the beat geometry should be stated.

treated bats, Ps is ot least a basmc cheek fox foundry arid Test parameters will saty (anid hence reseirs) from ome
user and reflects airy changes is processing. This method is ootrtrasiheet
the least costly of michneal vcn tications, hooesct. cast test 511
bars indieate Only the quality Of the Metal from obiich the 0a,1 th e asis ohie iiiogh.itisu5possil omk
casting is miade. Tory do not ove aetual prop'tru of the Osrmbtsorhmcrrahat5psieto ola

ecagg ricaihe are they a quantitative measure of cating stateent on the mecharnical sotos usrirng the DAS method

qpaatty.Tooy arenot truly represotnativ of th fria caingi (Lkndtrte Af rm Spzargi An additional eeaetots
Toeeicfateisrrisle estnglesiasstrrcootsteey quality assessmenta cas thus be mide at wry part of tho

ofnmetal propertre frombeat ol tteroraligo caging.
to thre next. Toe surface microruni cr shall be evulloated as air added

Semri-critcal Castinrgs myemploy integrally cag oupons r means of qualrty assurace onlty, Catings vditch cxhairt air

rtbaeattacbt terecasting gainigrstcm Th lapoar unaocceptableinicrostmctutr hallbebheld fortdisposrrroeby

later brat treated auth the casting, rod mrecbanical fhe conizrantengineerng procurement personel.
properties xilli more etosely reseite properties of the
fansrhd part. Important factors often osetlootedx are the Toe rircrrrtruture of the Casting sur(face as the desryirae

soict ion odisiiboh test bet/cisponaod in he areas of the casting shall riot exceed the maximsum sire

casting itself. Genrerally the complexity atd %-I thekne~s ol coarseness desoerrend is occordance with qlseeficori

the casting resel to storr alloy solidificaion this an the AMIS.4241.TorsspeciritatongcithAirfS/ARP 1947,

attache bat. A% a rescr. eeebaicat properines is tbe esablihes a nont-destesete rtprircedure rooslalo rho

integral baitill often besuperior torthat of thecartiog. and fDendnte Am rSpacing (VAS) ofA
3 5

7 alunmoiomcasinps.

display grossly optimisiciccftrmdot properties. AM'S/ARP 1947 Dctetmiirtion and Acceptance of

Toe discrepancy between integral bats arid casting may be Vend ftcreArm Spacingrin Alu m uin Casigs'7
tesninstedx by engprneenis test coupons obich siolidify jfn 0 rteoriepieeieademiuia
corattiy anid base similar mecrostructetal conditro
(graia sire. DAS. ctc). Tic foundry should be consued non ire~ integrally attached coupons shall be es 1 ates mbruft

thes cicurswo. t prpery dvlo meninf represent a mgrrgiat difference to DAS The VAS rod

theeorreimtdcs Atovt prerelvn thano mearte ultimte tensile strength (Mff) of cash couonar shall be
cotelarer sodis. li~ag moe eleoetthn sparte determined. Toe nimim DAS acceptable shall bet

cast test bar values. to ipraify Castings ciii resuilt lin determinied inthe foloing raner
additional eftoet nd preorinnexcota.

Critical ai'1 hcalion castings ore best isatiedl by rest VAnS VSAS. - AS, (fISr-UTS) +AS,
couponus cut ftrom designated (rinkal) rod eer-dcsrgeated ='lS Ulzia
areas It is suggcstco that one castrogire testedl pen bear treat
nitifor small pwanda tstgsctesdiatbe estahulihed by Whitere
foundry anusrefor large( catig. A ianm sie AS cepbl to et

Dueeto thebigh cossofrestroyinga asting for mtoahaic4 VA maximnumesizte VA ttS( at Ih)"ntoreet

tcoioll (itrelUdiog ercbirirgjad testing Csss,,arid rho needmimuteslpretes( 1)-Inhs

to qortly esery &eglecasting inscrtial 3Pphtio. effort% 1515. - Ultimate tersile strength of ceupon %tri

brie been made to eaot carting properties usirg gran rrnalcgDfAS(Kn)



UPS~- Ulimat osdstregsfcupan hlarest used to dfime the DAS of the sttucture Bly meseuring theDAS (Ks,) tota! length of drans two and counting the nuomher of
.315, - Ussot tensile strength bminoimom required .....oterce ss the average DAS value e= be determsued in

(K.r) the follong rtner
teAS, - SizeofDAS of copon sth smallesctusre DAS.sc nd OftreeeL(Itsloera I

(I x 10-4 inches) N boreeplm oonW_ griam
DA~x - Swo(IAS fcouortwit lareststrutur (I At least too areas of the tnicerooctne shall he evaluatedDAS0  - n ch es o opnshanetotcue The average aueOf th to ras hal el efcd t asth

X l0'ochm)DASofthattcstste
b) C rreg exntofnoraccpanceo Alies-nrAr Measurenreoe Mr/rod - This alternateThe DAS shall be deterined or the casting tuface at each Prracedure consists of drawng a straight line of knsowsntest location shootn on thti casting deawng. When test length acrosshe sicrOstmucre and cossntingthinumbercf
locations are not shoo- on the casting drawsing, areas tosses the lree is intercepted by silcon patticles (see, Tahleselected for the exesrion, of tensle cesupoos shal he used 5-3y The average distanrce betwenasilicon particles as thenThe teAS in alt test locations shalt he eqlual or Im than the sin to qttotfy the Stscerr. pace Intecp aacestmam accepstable size determsined in a). articletessse Iythefoltoooi
clD)ASetes-s-clos loenth ofnarept Unereches ITest locations shalt he prepotoshed Prepotishing shatt he PID. rahes. Numberoflterrephso htagmmcatmoa
sufficiet so produce an Outline of the secoundaty ares
structure ahter etching. Mrate"la remsovol dun.& polishing At least too hoes, shall he dran ohich sory to theie
shalt noat exceesd 0005 incls thuchees Prepolishied tes errentatin to each other as much as practicat, The average
locatssshll etectro-polishod and elecirtrotd PID ofthe tolines shaltbe reported
'the miroteactures, of electro-etched locations shall he d) Tlestes-e05
transferred to a replica plate provided hn the raiscopy kit. The test results Shallbe ieonred as aeragealues frm each
fcllooing the procedore descrthed to the Snpp.crs site On the Casting or itegrally attached test couoes A
literature Any other methed of inicrasteseture replication. photograph orcopy of he photograph of the imcrostru
such asreplicatingtape. shailhibeapprsaved by the contractor. atceach tesste shall hereportedwhich clearlydeeates th

The ejpm patoshal b inividall idrtuiedby est lines dran for rincrosteseture meiasuremencrts,
tacatlinand ptacedowithinuaneueselepoIjch identifiesthe The test laheratory shalt maintain on fite for a esimmumn
test coasn represeoted by the replica hljcrosresctutc shalt period Of 901 days the replica plate or tape sed rn the
clearly distirgish the secotndaty arm spacing from the evalaation
caseng srface Improper polishing. enderelchittg. or 5 1.3.12 Component Testsoseretchinscao predaceamsdedingmicrmtesctnre. Spesfc tests (such as component tests. Is-at, tests) mill he
If the tnicrostesctnre is timproperty polished, onderetched. necessary on account of the operational spectrum These,
or overcehd, the test loeation shall be regolrshd! very tests have to he reqsired hy the costomer. They can be donetightty using 400 to 600 got paper, re-etectro-polished and by the fondry or the huyer. Normally static tests are
ro-elec tirotched.Tbe currentdenty andetchingtiesh all toft reird butsometimesolso dynsamiccomponent testsswith
be estahlished. Under-etcheod lecatios shall net he re. defined Zrodsameapplied,
Cectro-tehed without repcohingThe test cating shalt he licit treated costings sed in vacuum compressed altr orinsailineruning snter to remove the etchingasoltn aftr hisqod feel applicatiotts am oftco pressure tested tothe examinatin has been completed. deterimne sondness and integrity of critical sections
A photgaphio reproduction shall he made at a Fixtures usually ceotstetd hy the fondry, eahle themagticarsonof lOoXinthenreaofochmostcesrlydcfones costing: to he pressurized with vinsous fluids to dectermotethe general eticrestesetore Areas selected fot evaluation teat, rteorlocuidefectsimpegialion ofaaannoealloys
shall htitdeetifled either diroctlp oe the pholographtor oua Is commonp'lace. Particularly microponoos KOi castings.Fogy of the photograph esther to repair particular defects otr in geeral to add a
Esthee of too methods of esicrostesetote evalton one mcasoeoftecnntyiucndodopplcolions,
acceptale; lerweser. the measurement of clearly defined Comoton leak 4VCtectmmethods Include:
scoendaty dendite ores spacing (VAll)is preferred, When A) preessnuration wsith helium gas (hasving smallerthitltttnot posible. the 9tereateprecedureeOfntesoring:the, mols-culstthan air)andcelectronicfeak detectnon,distance lscbetoe silicons particles located In a random B rsuiain ihi hl atnsaeimremanner aln aI srinogralo linte arl ohe casedng The hemersedof OeAS is possihle if the microsineseto of Tahle 5$2 is under swater, Lea r oe thus detecteds visually and thisobtainidl; however, if the eslerosrmetone of 'Table 5.3 is comprises the meat popular and east effective mcthod
Obtained. then the allereiatte procedlure is necessary. All ofpressure testing,
measurements use io the evaluation of a casting for C) Pressneatijon with water or ed emedia sing aacceptability shallbemnude by the tamsemethod. hylraulic pomp. This methodis sually employed as
Wle-red Mgeasurs-ment Afetho Extend a straight tone in integrity test for costings employing high pressures.

across areaofvll delluedtucture suchas is ilutrated Noretally. the pressote test shal he crtried nut afterla Table ll2,Thce eit deawns perpendicular to the groowth completion of finish-nsaebsning of the relevant component.direction of the secondary arms b, 3ve scg distance Is addihion. the components must hate been cloanedl ondbetween intercepts ofnslicons particlesalong thclmeo"I be degroeasd irternally and extemally.



Table 5,2
DAS AMosigu~e

TaS53

OAS Mcrostructure
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Fopecific tesing dewK speciiconsnitn by theser concentrated load sntroticfin other areas arc classfied
shoud bM euaMKtIcn'ttonfoste onr. asnc-nical71its means that by special measures such as%ou e etabishd wih cnsutaton fom he ounry. the provision of coolhng elentents or gating systems, theSamrpleSpesfcitions: fouodty casn prosduee the crtical areas wisth a pattscrstaly
NIll WA900 PecssuretestingtrfCasaings(MITU~funic, linre textusre and thus achlese high strength values an these

Gerney) aneas

MIL-SW*-276 lmptegtsatiotsofAlummniCatings Geomerically critcal areas are nones, a whichb the foundry
has toobserve certain closer tolerances and dimentsions.

5.1 4 Quality Asurarirrrst the Buyer's 'The contractors deutgn activity shall establish the cdass by
The buyer perform not only qusalifications tests but also craheal areas ond stress levels for each cagng dsiugn The
siem tests (eg. vsusal dapci udnreasenal checks, dye asfcnnscnnclaeas hl ensaeto h
petratt and X-ray tests, mesatlogeaphie photon and casfcto~) dciia rais hl eidctdo h
component tests), 7he type and scope of such tests depends apptiibtedravinig.
on the task of the component and the mechsanical 5.1.5.2 CatuTssgisor
reqsirententstobefulfihledhythecasting Niormallythetests At present, many certfecation authorities stilt require the
are done by t fondrhy by approved personnel and the useofaeastmgfaetortscoputatsonspnotontoucnan
buyer tmakes spot 'cbtcl~s only. Put this depends on the of a casting in the arraft sarteture The followssng
qusality of the foundry, the typse of the castng ond the reqsreens relatetoctutan arerait.
confidence etsoes ndtyand customer. CritiCc st"igs.

5.1.5 CIasritfiton orCasttngs/Casttng.racior According tn FAR Part 25, fnr each casting shoso failuret

The followitngspectficeaonsfrom aparttofthis hndheok. wsold preclude connurd safe flight and landing of the
airplane or result in senious injury tn occspants. the

MIL-C-f 021 CastingsCasication ad Inpection of fotllowing apply-

MsILA-fl860 Airplane Strcogth and Itieity. General I . Each critcal casting must
specification for a) flavea casting factor ofnot less than I 2Staad

MItL-A-21180 Aluminium Alloy Castings, Isgtltrength b) Rfeceive 100 percent inspection by visual,

5... ClamnflcaiooCainsgir radiographi, and magnetic particle or penetrant
Castings shalt he classfied by classes and inspected an inspection methods or approved esqsisalent
accordance swith MsfL.-6021. Aluminium coslmigs; I n nondestructive inspecnion methods.
structural apphttsns shall conform to specified 2. Por each entclcsigwt csigfco esta
requirements. Allowable properties based on state and M . three attogta casting fbesatctesse tandf tgetg data other tan data from lslISpeications 1.50. tace saplectg uth ttclse n
msaybe used subjectntoacceptance by the procurngo. "p.

Accosting to lllL.C.6021 them are font clasics. These a) Vdined stength requirements corresponding to
classes shouldnotlbeconfused with the fourcaging trent a caging factor of 125; and
clasn~ficatsons (class 1. 2.11.,12) listed inMILS-21 180 b) Deformtiosn requirementsnat a lead of 115 limes

Class 1.the imit load.
A caging. the single fastareofshich wold cause sigmfint 3. Examples of these castngs are structural attachtment
danger to operating personnel or "old result in a fittings, parts of flight control systems. conttrol surface
significant operational penalty, Is the cute of misates binges and balance wseight attachmemn . tberdh.
atrcraft ad other vebiceIN thin includes loss of major safety hell, and fuel and eal tank supports and
components, loss of control. unintentional release or attachmsents, and cabin pressu re valves.
inatty to releas armament storms or futlure of seapon Aetu~sit

Instltahn coponets.Fot each casting other than those specified above the
CkM Z. foltowingappiry
A castingi not included in Class!1. 1. Dmcpt as provided in subparagraphs 2 and 3 of
ClAss . this paragraph, the casting factors and
Cantingshaving amarginof safety tf 200 corresponding teapections must oseet the

Cllass.: fottensingtuhte
Cashings hassnf:a mw&iof safty reatcr than 200 percent,,
or for mlti" noastress anialysis is required. All target drone anus.r it ressst.
cautings and aerospaice grounld support equipment fall ln o Iola.%1 r

tbis categor. except for such criucal parts. the failure of test taos 150 Wut 100 Peret e~slt "A "sta .
saltih souls] make the equipmtent unntafaictoty nd cause .1ot. Mltcs .1a O.%.t .' ss*
rfs selssels %flch they art intended to support. to he in-.5,d. 15
orscrabic,

Its stkrolht1.50eat0 "mont v 0-5' s
Prehthepolnlofvfewofcotsmy.tlocstrnselylmporm OW -oraProta.51tt
ulstodssdethecsinglotoensealaadnonecnti,-ce ssuso l-~to o
7it applies to, mechanical antd geomtettical at
Medscittly cn" '.armas aerotes;subecedlto veryigh 2, The peecenrtatce of cusangs inspected by

satics loads (arma with inasimsum heading momet% or Aenussual methods may be rcslueed helow that
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spectiid int sobjiragraph 1. of thi paragraph refecomfoedetauledinformannonwaurefrorrosn The
%hot ant approved quality control procedure is foltooaagis abirdcscription of the typesofcorrmain.
established There are right maor types of corrosion processes sihich

3 Foe castings procured to a specification that siillbcbrielydvcsvvd.Theyare
guarantees the mechanicat properties of the O10erd Cotrosion
omatetiat in the castng aiid provides for Zneucorso
demianstration of these properties by tent of 3PaaitCorciaon
osposcstfrothcasungsonaamtingbsi 4, lotrrgranular Corrosion

a) A casting factoc of 1 Onay besnd,and S'.Erritingorr'osion
b) The casings must beiinipctril us prosided 6.! Hydrogen Eibdtiolonent

an subhparagraph I 'of this, paragraph fat 7. Stress Cot, !son Cracting
casting factors of -123 thronghi 1,50" and S. Corroion Fatige
tested according ta citical castings of this 521It Geoeralor Unifom Corrosion
section Corrosioni of metals by sniform chemical attack is the

Recet developrients on the alanvanui castings sector (in simplest andrmost commnform of coruston Corresionsof
response toth reqiremintsoftharpacentusty)and aircraft structures can ocen undr normal ,cic
the consstent applimnori, of speiic quality atnsunce conditions and pamiatialy as arcas ohee water is apt to
mecavures, have rude if possible ta mnufacture collect This type of deeroration as characterized by
reproducible aluminum castings. An essential prerequisite onifotrm corrosions ower the cotire sufce of the metal and is
(for educing or etiniating the casting factor in the ne cascd by, numerous and closely packed anodes and
fotsrehaiihceeforebeeiiestablohrd(ealochaptr 6). cathoes of the electrolytic cell on the srface of a single

piece of metal Therefore. siform corrosion cant he
5.2 CORROSION BEHIAVIOUR conside'red as localized electrotytie attack occurring
The follming sections wecre principally entracted f rom, the consistently and evenly over thecitirestfaee.
AGARD CORROSION IIANDIIOOK. VOLUME 1. Uniform corrosion generally alfectsfargesoifaecarcaand.
AIRCEAPT CORROSION. CAUSES AND CASE presided the corrosion prone ares is ac Maibte fee vaSsal
IISTORIES (AGARDOORAPII NO 27l) inspection, it cao usually he detected fairly catty and

remedial action taken. Uniform corrosion occurring in
5.2.! General scaledttrineoarmaorother isnallyrioninspctahle areas
Somne aircraft struciures enperiece settere ensiromncralj can lcad to serrons damage unless special nadsmtv
conditions in seeiec. The loafadsew"p in flight and anspsectian methods such as a-tadtography and oltasanic
darng grannd manoossta are genrtally lt[gh and in the inspection are usedI for early detection felloned by
intereat ofnctuiieaglossoverallneright.stecural mateials cotrective maintenane. Ileousvit, is some cites, a small
are selected that hate high strergth. high stillness, and los amount of uniform coteuson roll pav-aate and protect thc
specific graity. Iligi strength materials, inctuding castings, metal from further nttack.This is tree sthnaluminium and it
allosy ecess weight to he kept to a minimum, I lonesor. ipnimarily apropety ofthe specificmetal.
other tepettici. such as the ability of the materials to resist 5.2.1.2 GaioeCernosien
cotrona attack are alto impottant. Unfortuatrely Ian Galvanic corrosin occurs ohen metals of differet
weight and high streegt in aircrt sructures and materials electrochemical point*a] are in contact in a caresian
my not alays he compatible with high resistance to medium. The Less noble metal wall fonm the anode of the
comfosioa.nndlthereforeltndeficoffsmayrred tohemfadie.lBy electrolytic cell and %ill he corroded nhile the, more noble
proper attennion to corrosion at the design stage and int metal wall act as the cathode and will renm largely
assmby, and) by careful inspectiona and early repair of usiaffrctrl.Therestlirgdamage to theanncdiemmtalwillhe
cottowin damage antI protectie systems, it is generally more severe than if the sanme metal were esposed to the
agreed thatcortonion effoclionarcreaftlcaah"errnmirnied.i corusisecnstironmes tithout the presenecofand contact
shosuldbe pointed out that castings eriece corrosion int ot h ahdcmtl asnccroincnom h
the samte manner as "ought metals. The only dilferences discernedl from other ferns of corrosion becaose the
could be miost rt mith castirgs texhibiting mare cortutie attack is usnally mote sewere at the interface
poronity and mictosepgation as coparedl with wrought hetovnnsdiasimitar Mals.
tnicturen

Blased on espetienesn in corrosion testing and a keossirige
Corrosion is the destrectvc attack of a metal. etemental or of the glac behasiour of metals and alloys. the tendency
alloy by chemical or etectrochiemical reaction(s) with its, of mctatnand alloys to form nlsani clls aadthe prediction
ensarmec. NO las Mmas ftes idetically so a gian of the piobable; shrmcioa of the glanic eet can he
environment. Several factors are basic in determning she detetrmined. The galvanic series takes rno consideration all
amont and typ Of COrrsin ltieeis'onititncnrt of the specific aspects of the reactionsucht an the condition
composilti, location, quantity, continuity and electrical of the materials antI the t,iftc ensironmenot, This can he
poential relative in the hate Metal are All important. The detemined by measuring the eetric potential difference
AGARD Cortosion Handbook, Volume, 1. hetoes the itoss matemria in the environment of interest.
(AOAllDogrph NnitS) provides anexcellent description Seine care mast he taken %ohm using the galvanic series to
Of else operating emnionott. corrosion theory, common asses the galoaroc coerossari potcotial of dissimilar metals.
aiat aloys and their corrosion behaiou. inspection fr since sonar metals may occupy different ponitios in the
cottoxon. corrosion preieotion and control procedures, seriesdepaunigoritheir statand stfaconditosThs6
and a deluded description cfthesvanosypsocorosms mostcoinntonyoberv d wthaluctanstainns$feel$
It is rrcoo'rrturnsd that the atone documtent he usedI as a whiuch can maust an oither a posve state or active stilr.ln the
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passive state, most staintess stee ls rstocoupy, positions asvetyrapid toteTle smll arm otheooosthrepect to
towaord the snbe end of tihe galvanic senrum wtile at the the cathode oaro is ant timportat factremfliong the
actsvstatetheyssullbehavemereoanmtrcally TIsbhaarour cormsorat.Teanocthcoftegotnerdaymay
isbeiesed tohedst tohsoteofthe poectie otdefilm he due to the loeat segregation of impunirm. or etther the
wtich toast to form ont stainless steels doe to the uriform enchment at depiction of the gratm hesndaty to olloying
cotrosion process This film is believedt to [satat the cetms. These effects asay he associated ssnh the
satfoc and resist furtther corrosivor attack. Whoa titeoxte precipittin of gramn beodory pha, whtich may
filhmmitact and effective asoprtecuiveccsering, themeal thenelsa behave, anodically witlh respect to the adjacoat
hehases cathoheatly sshoas a danmaged film leases the alloy Castigs that have nat ndergone eOquthhsm cooling
metal 'unprotected and it theefoe tends to behave, doring sohliiiation eon have a, toted mirostruotre swith
anodrcally. mireangegatioa of alloying etemoats at at noat the gtain
5.2.1.3 hiigCoecuslon boundaties therehy causing suscptibrltty to rnlegranatar
Ptnirggcorrostottisoa localized type of attllc. fsilcleads to earrosian,
the formaion of deep and narreo cavities, All oaigiretiag 5.2.1.5FetngCraia
metals anOsalloysoresascepthe. and thecondtoseahng Fetting isoa formsof swear whichi occurs beltween contacting
to pitting vaty fram metal to metal, depending to part ot surfaces whtich are undergoing saheatory motion rusolmtg
wshether the metal is noamally actiseor passise, Eucsstse relattse dratcmects atr ship of sal amphitude. The
porortyofa peor cstngcesdd seeeasprefteeotraltcafot degradation of the tubbhmg surfaces astrally involvs a
pitting. combinaion ofwearand atoroson reaction,and therefore
Far acttve metals, uniform exposure of a large surface tooa the terms of fretting corrosinor atweat osidation ore
corrosive medrum woultd toad to cause umiform corroston frequently userd It asually iue rise to tire formation of pits
hrinrg of art actrs metal swill occur as a -,atilt of local oegtoovsmn the metal surroundedbycotnostoaptodacs
trctting, or defects ina protective coating swhicht allserty Inathe clasne ease. fretting occurs beteents parts whuch art
localized eapesuee.In passivermetals such asuraulestels intendeld to he fixred by some formaof mechantcal fastener,
andoauinun umloys whichformenatutrally prtctieve i e. bt where vihratory stresses causelaosensing of the fastener
film, pitting ocsurs as a result of localtzed damage toathe systeeto allosvsmallfcyclicditplacemoats tooccuretwseen

*protective files, However, ssherher the metal is active -or the crD contacting faces Hlowtsver, exceptions occur, for
passive, pitthng msolees the formation of smsall area wshich example between hell beatings and their races, or helmweta
are anodie sth respect to the rest of the surface, andI which matng surfaces at oscillating hearings and flexihle
therefore suffer severe corosiveattack inthe presenceoloan couplings. The basic requrements for fretting corrostonam
elecrolyte, that there is repeated relative motion between the surfaces,
In aircraft structures. pitting may occur in many areas, bet that the surfacesarc ndrload and thatteload is uffiet
areas suhyoct to local contamirnation by highly corossve to cause sip or plastic deformation on the surfaces The
edira. such as battety compartmetstimlet, and galley fretting action still he mere reert, the mote aggresuse the

areas, are prime stes. hirimg corrosion at particularly cotrosioanriironment,
common is aircraft structures opeotuig in crit The mochanisnut of (rring corrosion are nol completely
eniatments since the ctloride ions promote the local understood, boots-r they are generally thoughst to include
dissolution of prnlrcus- oxide film&. Pting to passive other wrchn eatr fallao-ed by oxrdation of metallic
metals it uncommon in rolutions which do ot contain c.dbiorm haclruteanlssfntrly
rhaalienralete id fimeol edt esal n ccurring astide films tattoed by re'oxidatten of the

reman prtectve.exposed hare metal. In tither core the damage occurs
Piting corrosion ts one of the most masdious formrs of locally at bigh points on the contacting surfaces. If the
corrosson because the pitt are often scry maull and difficult fretting couple cossts of dissimilar esetatt the softer metal
to rce with the naked eye. particulaly if they arc bidden by ssildeform the greatestamsount.so that the milefilmson the
general corrosion productsaorcoungs.Thecelectrocemical softer metal .11i he disrupted, bet that on the hoofer metal
condtonsathehare ofa ican beucttha other fors, of will remaiu intact. The softer metal sill therefore teed to
corrosion. such as imtegranutar attack swill occur.leadtng to suffer the greatest damage doe to fretting corrosion. Thtt
ulespreatl subsurface damage. In bighly loadled structures concetation of damage wll also tend to increase If the

the stress concentration at the bar ofa prt cant be sufficetl softer metal is the more electromechanically ate metal in
to cause faugue or stres corrosion cacking to occur. thecoumple.

3.2.1.4 Iurergraolar Cwusroi Fretting damage is particularly serious rise it can lead to
leteegranslar corrosion a a higly locahized farm of unexpected fatgue forlares. Under fretting Coditions
dtsnrso swhich affects the grain boundary regrons an a fatigue regions depend mainly an the stare of stress in the
polycrystaiho metal. The, cnosve attack cart produce a sorface and parucutatlyonsthestressssuperimposed ontht
nctwsotk of corrosion or tracking on the metal surface cyiche stresses. Tbe direction ofgtrwth of the fattigue cacks
around these boundary arou.oeeasiorialydslgini;%hole israssociaterd with the directton oftotct stressesand takes
graints, or it may pentrate deecoy Into the metal leaving place muadirection perpend~cular to the maxiumprmncpal
behind tory lidte usble tevidence of the damsage. This form stressinthefrttrngarea
of corrosion in particuarly troublesome to cart r,.ahe 5.2.16 II)strago E.Marrnrnee
sttottrt5 A great dea of information has been collected in recet
In intergtanatar corrosion thre materials in the gratn )ears to demonstrate that environmentally indue i lre
beundaryaeeasbehat anodicsallywith rcapec ltthh ulkof processes may often be the result of byrrgen damage.
tetal la the grain interiors In corrosIve environments. Atomic byprogen is a cathodice product of marty
dissolutioncof theoanodgramsbouanaries usually oceurs at electroclseaucal reactions. (orating darng many naturally



144

0-ringforra n ractions as wlls dring ratiyplarg intrfereceo litbosings or fasteners, or arc a 'eolt of
Or Pickling prOcesnes Whether hyrogen is liberted as a sciscopratos cracs myoninu togrortd thegas, or atomic hyd~rogen is absorbed bry the mota dccoads Comonen cn ologrsusain hesicaorgasirplac
on the soefre chemnstry of tho mectal, fasturo

Due to its $mall size and mass. atomic hrydrogen has vcry 52.1.8 Conoson firigo.
ighy ddffosisty in most morals. it usil therefore peetrate Fatigue mraoh'es therostatronand growilhof crocks anolols
most clcar moral surfacs quitc~easrly and roll migrate .sshict arc oxrjcctml to repeated cyclic streses. The
rapidlyfoos favourablo sires whore it may remtan an mechanicl loadsiioosd arergcocralfyquitrsmall~aedrthe

soa"o'0 " c s it t a1 ro lc tr hy sdro g e o to (am o sm all stresses resu ltin g fro m th ese load s a r c u su a lly l ss th a n th o
presoicdaih.cacao argo blisters, orat may react yield strength of theomaterial Fatigoe crack~s usuallyrinitiate
oith elasemrloenrr loyn trrrrs to form or fIrm sorfacc and at stress COocentration sit sods ashyritdes abrupt changes in section, key-onys, itt radia, fastener

holes. or intcroal docodoimtles, sods as inctasams or'Tire accumuloationa of hrydrogcn in high strength alloys often cajst lse total fatigue lifo of a component may beleads to crackingand this often occurstra statically laden co,idnroi ra, teems of rho number of cycles of stresscomrponents several horass or isas days aftr rho tinta rorgniresl to Cause crack initiation, and the nomber of cyclesapplreation of rhe lad or exposoreo to the sotec ef required to canuse thc crack to grow to a sizc wsre thehydrngen. Cracking of thi's tOp is often referred to as renmaining load beating crass secoional area cart no longerbystregen-teess cracking. hysfrogen delayedl cracking, ot sustain the applied lads. Sudden catastrophic ruptre Ottyrongen, induced cracking Snentac fracture processes Canstrho remtainingtiganm thin occurs.
occr in remand onused posts wheat treat treatments or
mnachning treatments hase leftresidual stresses in thapans' When fatigue occurs is the presence of a corrosrseand ase been exposed to a soorco of hydrogen, For this caxrronmenr~mluarr usually Occurs in a shorter timeo and so
reasoa,all processes sch as Pictklng orcct'oplatmrgmrrst fewser cycles thaa moultd be the ease in a dry or benignbeear otoeol~olrteceriaar~s c riviestrent.1This syocegistic effect beracco, fatiguse and

thoaouotfhnlrogngecearxi.Corrosion is knoon as Corrosion fatrgoc.and It may rosoloc
52 17 Scrn CoseroerCmclsrgeither a decrease in the rnumber of cycles to crack Inmtiation(Aloy ar of7ten c sors cusetoq r no ob or an acceleration offattgue Crack growth rates.orbot. AnA~los ac otenseletedbecusetheyareknon t be important feature of Corrosion fatigue rs that mechanitalresistat tocorrosion rnot parricularoperatrconvironment danrage And corrosion damage Occur simuttaneossly andIfosoee. eoperience hran shows that comtponents may stl sers Iedyn many eases the twotas oderadatonfail by a proces involsing the corrnsion reduced initiation sosl occor snccosmrsly or alternately. srk wshich ease theand growthi of cracks whrenta tesile stress exists those sc lansage would rnot ho attributed to coaroson fatigue. Thrscritreallinthe surface ofthePart Whethle mochwn'Sto might ho the Case, for exansple, when pitting Corrosionof ceack growth involve the sycrgrsric action of the occurred first in a meta cotee tan hen fatiguse crackcarrosise ensironment and the sustain !d stress acting at an propagation Occured froms the base Ofacorrosion pit, Theesposed surface, the failiare mode is knoanr as Stress fatgontribution to tlcfailure proess cotdccur eenCorrosion Cracking (5CC). This modie of faitsrre bas been to the absence of a earoo envsronment, 'lie correctcatled sustained lad ensironmenral crachiog and it description of the failure process in tis ease wsould hodependent on thec omartaneoors occurrencecof threedistinct Pitting followed by fatigue., rather than corrosion fatigue.condtins: 1mifoseee whilte hrypothetical fadrtar processs can be

I The existence of a surface tenode stress of a sufficient classified quite easily, anosSen faitures produced ueder
magnitudecin the Pan Concerned. laboratory condintions. it rs nOt always easy to Correctly
2.7Tc presentceeo naggressiveenviomet with aoto casffatrsOdresicoftIons.
the surface oftepar. 5.2.1.9. Srarufarda,
3. A material wichs is susceptibte to localiedx corrosion The followsing an"d "'te applicable
tiongspectlicpathsulhichtmay00 mnaynotli~nku p. ASThI B1117 Salt Spray& SC~resing
If toy one Of these f3tsoe is abseet, the stress corrosion ASIG 44 XC0l Corrosion lkhasiour
phenornetrioo sll trot develop. AbIS 4229 l01l.T7 MaterialSpec.

AbIS 4228 XIII -T6 Material Spec.Stress corrosion isra localized form of corrosion whrich is MII,-A.2I1f0 KOI Mlaterial Spec,particularly insidious unceituillofren ccur withlilt ora Nill.'ll-6088 I IC Testing Proceduare as related to *beatsitsaltiderasceofsntftce Corros.such asdsseoboneatsonurnallys
Or the build op of norrcoable corrosion peodocts SM$eteooaainualy
corrosiet c.'ncts cans teasel over lonsg distances wi5th taise. 5.2.2 Alonsrntssm-ltoyA357
tedathcypropagte.treyossrtberddulsrcgthedte Alumsniuos-ntscon alloys are generally Corrosron resistank.affected pact. The cracks May propagate deeply into thick Althoughs magnesium ins Wald solution tend% to mahe thesection Parts. while t vsible surface crack length may potential moreaacicand siticon moreeatbrsh.ssbenr othoftenhbequite small. are in solid solution in the ratio of Mg: 2Si, rho electrode
Once the stress corrosion crack has formsed. it call conrtinse potential is essenatially the saune as rho potential ofIn em. topin esl sIsen rho renorstrs rnft aluarrrm. In this manner, rho strengthening preCCpsttcs f
belowe the critial value. or %lien the earoTFrse cannonmen"t A357 do trot promote krioalar Corrosont of the Cast
it excluded. The crack try permanently atres I tenstle structure.
residal stresses "re laxed by the imitial crack imdoanice. If Copper is present in AI.Si-?JS alloys to increase strengthrho stresses are due to assembly forces, suceh as from dfonesw thalythutsoenrat.
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The solid solubility of Copper in atuminuom (disregarding 2. Queochm ra leA 6C(l50P) to 88'C (0F)nod
;ho effesof Mdg, Mr. Si. ZrA.Ye and Ti) at room hold foxr5 miute.thenir ool tooo terperaure.
reigirrtum is approimsatly 005% Thereforn geto

theoretically as loog a, the wopee is 005% An A357 1 mgt troiseraturefor l2to~dhosrs
alloys, the alloy should exhibit excellent resistance to 4. Artificially age to the T7 temnpe. 185'C (365TP) tok
ootrremiarcorrowon.ThefroekrcpCuz 405%:oget 19C(35)frShusadteaicolo un
good corrosion resistance. ttnperiAture.
To sum up. from avolable published data nd reportsit may hsouineatrtm tsepsciialnmkngod

± resitauce for a wide ropegA of soliditatio coindinoos See maintained in order to obltain adeqnate dissolution of
alsoTalileSA. second phase to the Cast structire nd present incpient

melting (ie. bureing). Ibis is necessary to adiav good
5 23 Alnrntninns-alloyA21 msechianical properties as well as resistance to stress
The aluninium costingalloyA2fii %asdniropedtoaubrocr caooncracking.
supeniorwtrcgthat room andceectedtemperatrirel hias Coatings rccomrnded for alloy A201 include thos
been used exlcosisely in sand. permnent mould nd produced by nulphuncauodizing Yvthnadibm salof~
insestiniel cost parts foa iety of applications. llowecer as n alternate chemical conversion coatings such as those
inna feicinstnau he rehlinsrbeen rrportsoffalaresduerto produced by the Alodme 1200, trcotment
strom Corrosion cracking. Although these have been rare.
ircor corcem has been expressed regarding the strews Speemens in the .-4 nd -T6 Conditions, with nodizeid
c, orraroercking(SCC)sunceptihlityofaltoyA20l. coaings and cib chroimate cansersion =raingn. hait
Alloy A201 has a nominal componitom of 4 7% pn .% Iassed the 30-day 3i/r% PlaCl alternale-snsersion test.Co .% Reportedly. the sirens-corrosi cracking resistauce ofMdg. 0.28 Nfn. 0.25 M. 001% Si, 0,01% Fe. 06%4 Ag, nd A201 in the -T6 conditionis notas good as A357lloys but
htneec auinniumTbionsoffcinrrlee ac lsta is better than the high strength forging alloys such as 7075-

unde certain cod fbs romo~lCscorrosion T6. 7079-16 and 2014-T6 forgings,iiCould bena problem There has been much hisrory of stes
corrosion cracking in high strength wunosght aluounium In the T7 coinditon requirements include 30 days in
alloys such on 2024. alternate Arinnerstna; of 3V,% sodium chlnde with 10

I l~ivracordngto hepatntforA21 alo, te ilcr minute Immersion nod 5 minutenrsunder stress of 75% of
auuones er seingtinl the ipart fo ZIaly h isr the yield strength. The stress Corrosion cracking resistance

addtio i esentalto m~at ori stes corrosion of A201 alloy is considered in be adequate to the T7
varssace. Studies done by the foun,YdrCecMas hare chaun condition
this ro be u nim nd that under cetaiinspcifi.eondliions.
the alloy con be sensitizedl to stress corrosion cracking Tahle 5 4 showss the results of inlergranular corrosion

tOseragig redues the suscepuilbty to SCC Ilnuveser. resting
eseraging hasa deletenoss effect on ductility

Biawedon the results of the stress corros ion cracking stadios 5.2.4 Suminarrt Al-Allays A357 and A201
coedere by aboatores he otlosinconensiitscnbe Ilocally allay A357 is rrlatisely Corrosion resistant for a

dconcebylbrtreth oluncocuncabe wide saniety of chemical and baro treament sanatAons,

a) Alley A201 castings properly bent treatedl lathe T7 Alloy A201 con be seostrv to Corrosion parricolarly SCC
suhrnnotl imun tostrss otrsi a n aisdcorrcComhinationsof ietercd alloyinglemnents andtemper arc %bintl imntoUMCr-n particolar bent treatment are necessity to yielda

sceptkibilit t ess4 cnricraking, inoMdtT satisfactory Corrosion resistance performannce.hMost A201
ttmpr i ghssetib leit to stress corrosion crakn. I oh 6 csungs are also protected with electrochecmicol couserson
cich I g hl. ucpil o im ''r~o coatings subh special primers or paint before being used inCrackingsewsice.

h) Variations in the clull or solidification rote o10 costing
do not influence the stres corrosion cracking 5.2.5 fThanirnsAttoyrIAV4
resistanceeofalloy A201. 5.2.5.1 Gceera

c) Quenching rate from the solutionining temperature Fer the most corrosise enironments such ns chemical plant
exercise considerable Influence over the stress nd seawater equipment. commecrctally-psie titanium
corrosion cracking r"stsance of A201 alloy castings in (kn was CP)is idealIs corosion resitaneoepctally in
the 17 tempe. Slam cooling from t sdtutixing esidiing acids, is far better thn any stainless steel or the
teesperarure 1o room temperature produce seVere traditional nikl-ape lloy.nd its modnerate strength is
susceptibility to stress corroslion craeking. Ibis is due good up looser 7511FP(411C)
to formation al a grain beunidary netusik of iauod~c Where higher strength or eroson resistnc is iuceded.nP1
CuAI0 panicles Coarse CuAl, pttcles la the matis
4d00M appear to influence stress corrosion ra'~nv 6AI.4V (usually Called 6.4 alloy) Is the standard materialk

While still relniung gos corrosion resistancem. Is%
The reccommndecd practice for hicot trenAng alloy A201 to mechnaeal properties are better thnmostelsesprally
ensuteeasimam risancelto srescorosbon ceacegosas obeit atlosnneight otnkeninlo accourt.The6.d alloy haoa
follWin useful te-mpraturc range that is simritar t litof CPndthe
I . Soliationize at 50SCt 10 2*C (940 to 9u11'P) for 2 cost of the castings is about the same in either material.

hoAAN incret o528V to 532VC(980 to990P) and 5.2.5.2 Siiceircoutieis:

hold for 17beurs. Anli-corroisev plating is not required on titanium
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Alloy & Temper' DAS or Corrosion tlepth,(Pm.)
Grain size Iam.) (SIIL-11-6088E) *

A201 - T7 120 195

A201 - T7 190 197

A357 -T6 40 8

A357 - T6 110 10

Mlaximum allowable penetration of 
2
50 Am.

recommended by CERCAST INC. for
respective testing.

Intergransalar Corrosion
Testing of Investment Cast A357 and A201
(Foundry: Cercast INC.)

componet,,as the bioi maitenal is as good in this respect b) SasilEirnz~
as the f1ItlPt (nickel. coppet and cheome) sshicts are In on tost prograotme. 73 nsamples of tatrn (22
conivrtionally applied to fetrrous matenials ts rosast pate, thea rost vanoss allo~s) since immerseed to
corrosion. eassatet at dtepth, to 6.780 feet (21067 m)and persod,

ta3 ears,
5.2.5.3 Concision Resistance
tfitansr is extrntecly corrasion resistant, its alloys being Theeas no mea,orahte ceteoston n any sarnik,
almost as glood in slos cespext, tle c of these eseeleel this being deined as belo 01 tmis Me year (2.5
propeetio titaniumnd iNa3lop arebigiocreasisglyoied milcrons Neeyear
for eoniseecial and military eCoone Cheeil peoscessng
and afairreAoeppleations.

Its eotiri resistance is doe to the rapid ftesation. in ale 5.2.5,4 Soroniaty
orealce.ofa stablenstidntilmic 1protects thiebase metal, itaniuom easting applications are elite spread to
'The data in this setion are gathered front a vaiety of comsmerciat anid miiry tngsne. cheemicat processing asid
sources ailframe applicautio.

a) Gafiunohifeclr Chenmical pricessing applications take adianage of the
Titaniomr conies Nhii in the Oaoie series as shcosn in croinrssac ftutn.From~ ai
Table 5.5 and sell not soffer electrolytie ernsi.on imesliersta c olf pumpnialt %ari Pot eshilzadiol
sihc sed in aontat.1 ae o the meta.Inia ptant. Another similar application as atlarge induacer used in%in do~nn seth iitherbf (nwotig liaumbeing the toepedo eceion sysren ot a sbhesanne. The resistancein cnw th ohermerals, for use in a hostile to salt wales corrosion is )f prine importance in this
crnvironmen.eonideatioa ass- be gismr to the other apicatson.
mecalsinsolsedl.

Stainlessstrel parts shrosld be osed in the passiosled fitaniurni. high resistance so erosion and corrosion osll
coidltion. and steel bells, eats and washess oold often exrend the life of a component compared to cheaper
prreferably b"ssr-plated. NKcelpatig nacepaste metals.sosthat its initialstsis mrethan reced inlooee
for use in nrmnal t aerse condition$, Nesver use oerhaol and reptacemeelparts costs and tessdosssttonefot
nac-plared parts in conrtact milth titaiumo, she plant in wIch it is ratted
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Table 55
GaNAC Seres i Fw Seamaer Q B/sec (4 mlsec)

at 75-F (24"C)

METAL POTENTIAl.
___VOLT-

T 304 Stainless Steel (passive) 0.08

Monel 0.08

Hastelloy C 0.08

TITANIUM (unalloyed) 0.10

Silver 0.13

T 410 Stainless Steel (passive) 0.15

Nickel 0.20

T 430 Stainless Steel (passive) 0.22

70-30 Cupro-Nickel 0.25

90-10 Cupro-Nickel 0.28

Admiralty Brass 0.29

G Bronze 0.31

Aluminum Brass 0.32

Copper 0.36

Naval Brass 0.40

T 410 Stainless Steel (active) 0.52

T 304 Stainless Steel (active) 0.53

T 430 Stainless Steel (active) 0.57

Carbon Steel 0.61

Cast Iron 0.61

Aluminum 0.79

Zinc 2.03

1Steady-state potential, negative to saturated calomel half-cell

Ii
i 1-
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6. DAMAGE TOLERfANT DESIGN WITH CASTINGS wy i c tensle an yild sirogthovles are crretly
6 I BCKGROND assured, TPhese additional requiretnents ill introduce

During the late 1960si there were a numher of aircraft antoa oe n elnegetrepro oteqat
structural faiture. tehiect were attributed tocakn control and acceptance procem Some laondries and users
problems itt relatively high stretigth stoictural etateriala maynro eitorgto ndertaetheschangen.
'Theec failures reuote in unacceptable tmaintenance and None of the cnneot damage tolerant requiretents refer to
repair cotts. ecessive aircraft downttme and in some canes hitostiiandtntrht~epoaton sti
loa oifrfandairaft, thentntedtnrretofthepr.s onsyreferrcrdtlL-A-834t4

Fortunately. the state-of-the-art of fracture imechianics, had to ensure that the etatmumainitial Plaw nine in any mtatertal
reaced te rnge f dneloinlot wenlitwild l onlogrow toaietnctastoendanger flight.afety atany

eaploed fthe fist ie a a qu~nteritl inf a hcel torte durng the desin le of the airraft Ta annint tn the
iemrloysd Baoro the frtimasquntitativ o ti airat aptlhcation of MIlL-A83444, the United States Air Force

etechanrcyapproachi the United States. Air Force required he rprdAFWAL-TR-82-3173. 'USAF Damage
the mptmeearin o a aorgr oleantanayst tothe Tolerant Design flandhonr. Guidelines for Anatysis and

the~ ~ ~ ~ ~i nmlmnaino aa ew ircra t Thi),s inath Design of Damage Tolerant Arrcraft Structure, Thindesign of all ritical components inome cnnain theraf Thta towpas h rrsat
accomplishedf through 14H.-A-83444 "Airplane Damage douetcnas edtaosporthrtialad
Tolerance Reqruireiitnt Similar docuorets havehbeen or annumptions to the damage tolerantc requiremen and
ire being deneloped foe other agencies. beth mititary and recommended practices.

t 
A corilrarir idocumntet (4

0.1-n, olumes) NIClC-IlB1fllR 'DamageTolerant Handheotk A
cintlianComrpilation of Fracture and Cruel. Growth Data for Hligh

Coocrurrent, but tndependent of the developorent and Strength Alloys"' han atso been puhlinhed r Thin docnment
implementation of damage tolerant design eeqniremets. pronvides a single comprehensive reference surce on
the '.tafc-of.the-at in premium qnatity altuminim and available fracture mechanics data Al the present time
titanium cantigshas progressed to thopoort ohererthetrune (198 7) no datao caitirgs ore included an thi. compitation
in critical aircraft structare now appears possible. If atthough nufficieint data should be availabte on A357 and
produced in sufticrent quantity, cost nrgs of iover 30 A201 aluminium, for inclusion iathenet reninion
percent bane been demonsrated in programmestadenelop iuo61isaomhtiplfeilsrtonfhote
ant eupetiorcetn aluminium bntlkhead for the YC- 14 and a Igre 6dama oeant soi mlle ifluncatredofteelthe
vertical torI ntructure for the F-16. This reduction in cot three d a t e athi actor. th bnaelie prdited icefo
with no increase in vcight oncer the w-ought Produact has a027d 5 co dtio nice In1 lihinaetheaneoirnedta afor13
been made possihle largely through the elimination of lap 22.8. ee on11 lgtfw pcrmI iia
joel'. and nechtanical faintees Desprite these cost initial flan sires and crack grownh rates are a'.nnmcd fior a
adnantagcn and the fact that neveral thounand tastings are ranting, changing the fractre toughessn lenel from 22 fI
used iu necondaty structure of many emdern aircraft, rail /mn (24 2 MiPa Vm) to 13 fISI /mn (14.3 M~pa '.m) wuld
utumiriumhanhadnerylimiteduneinptmry load crryirg reduce the predicted aircraft life by almost50 percet
ai rcraft applicatin, WThile the reotainder of thin section witl refer primarily to

Many factors hate nernot ta limit this enteniled use atumiJiLUM Canting. which represnet the mority of
Includednerethe1Acf ofdesignal1lowahtes.the impouitionof exprencce and anailable data, the apptication and
ranting facties. and unk~nown danrag tolerance beatn, requirements for the une of titnumrntwings in loaded
Whlile the lack of allowable, and the use oif a ranting factor smtrnaleiia
mp he issues which are near resolution, the impact of
damrage tolerant desi gn requirement. on Critical ranting 6.2.1 Durability Dtesin
applications islargity'.ntnown and will boa waor factorin In addition to a damage tolerant analysir the United S totes
their ettided application, The remaindler of this chapter Air Force has recently initiated durability denign
ani deal with theme concerns and requirements, Hopefully. resquirents Durability is a memum of the structure.
damnage tolerant requirements. when properly applied, wall renintance to fatigue cracking darirg ser.aceand a taintical
emicouragelhe reliabtenneorig' rather thanernnaa an nnmnofeearot Anlangu'.suchcraclktcanbe
oidditionalbameec. economicl~ly repairedl. the anialysts is concerned with small

cractk sires whichlaffect t ifrc-Mets rather thant safely of
6.2 DAMIAGIITOLERfAN'TIESIGN flight. Durability rcqnircment'. are snyccid in MILOA.
The application ofdamnage tideranc to design isnot jsta 87221. the USAFi Durability Design Ilanilbossi
methmocfealnting the stress on a part ceitaing a flaw, Guidelines for the Analy-iand DcsigntsilDutale Aircraft
Damnage tolerant design innolse three essential factors: (1) Structures" WihenrerartingS are empliyed a'. toad eatl)tng
the assumption of a pretxiting flaw tn every critical part. members i n milita ry aircraft. nhether pnmaty structure or
(2) an aureysisof the rate *I which this flaw will grow dduring nt. hey wtll b uhect to such in aal 1'. Frm afondry

'heser'nce life of aproductnd. (3) thecrticalize atwhich ftandpit. the quality control practice'. describted in this
this rack.iwt]] cause component failure. Thec materials. documeet to ensure adeqluate, damage tolerance uwill alsor
prmducer and t designee are equally respensible in the relate toilarability. For thedeinr ttiuhhe anaytn is
success of at damiage tolerant approach. Taoemanufacture a different, the meeliameal properly data requirements arc
catnlig whtich ran he '.sed in a damage tolerant design the essentially the sam
foundry mast understand and apply the fine of non.
destructive inspection techinique'. beyondl the capability of 6.3 INITIALFLAWVIZE
cen'etional x-ray ichaiique'.In addiio.tot the first time In adamage tolerant aalysis the initial fla sieisthe 1rg'.t
etetatlography wall he required as a quality acceptance flawthatecanbe assumestiibe in a'tructareoatlthetimeiif
procedure, Fracture mctanies tenting maybhe requiredl to mianufacture. From a practical standpoint. this repreents
seeifyaud gnarantm fracture tonghinessvalueastsmilarto the the largest dofteditat may not be fond during qpuality
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cotol io r k unw hprcts tese awscn be in encountred in ptrcercr g froctuire looghors %poconeis.
the form t~ inclusions, forging laps,, f(mning cracks, as shonnigure 6 4
scratchtes. ce For the must part these defects are of an Theuso of mlgah~ tosnddtcrsa
external nature nd are idrotificod though vssu -ay, 0, c rollognraploeeF~'otoloneedo rduspattro
tiltra-oolo oddycurrrot. nd liquid traeml irpctn I.elronrorrrorroofcrosornrorer
On the robot hand castings are particularly vulnerablto W el properties of tlroA357 alumuninrn alloy bos recently
dteoct such as gas porosity. ioternal shrinkagle. and dross boon injuated. The long trm impact of those controls with
inctusioos. Use a ce techsniques for casno-gs art, for thoirA olsereot finer microsocto re. on crack growth has not

th ost port' boirni to X-ray radiography (for internal )et bree establistred for production cnutoigs Otlier

finns) nd liqui o rtao(o ufclw)Fo o ensderartoais sods as riecefects of sold ropat on t~rack
idctou stopetntra(o nfec as ) o re m arot growth rate are also nder Investigation. but tr mty be years

inspecosonisomaskod hyossiseponiriy 'plcootctcaloead carryingstructure
Spetfio initial flaw sires are recommsended in Msf11-A- pltioncn
83444.q'malesarme esentially0 05(1 27 mm) on o0e
ode of boles nd msinors nd 0 125' (3.17 tom) for sorfoce 6.4.1 Fat' ige Crack Gmrtis Rlate Dta

oral. lengthrs at locations other than holes Where the 6411 A201-77
contractor can dononstente a capability for tdeotifying Figure 6 5 shos, fatigue crack growth rare data obtained
smtalerflaw sizestbose smallor flawslzomcanbeoegotiated from fioo specomns from two producers, of step block

nslllnsrocrrmotaeoc.Istecaeofastsgsrheser castig of A2111-l'7 alloy.Thcso speormoois wercotestu at
.bonld brobetnjssrtlythoseofthefnwrresspecfied in the AEWAI. Maftotals Laboratory.' Tfe specimns were
bttL-A-83444. standard campactrensron (CT) specimntos, 0.368 inches
A dutnbilityanalystsroqnrsrimttal OansrrolOOl inch (9.3S mm) thick (B) nd 2 ODO inches (50 8 mn) wide (W)
(0 254 mm). If o~eser, tis is only a speeried starting point Alctmst
for durability anal) sis nd shsould ntot bo confussed] wittt n Al ceity wassti tire followinglimitse
sopeotion capability teipriremootl as referencesd above for Copper 4.5-510 percent

damagetoterance. Silver 0.5-Oprceot
Manganese 0 21-0.50pcrceo

6 4 CRACK GRONMI PATE Miagnesium 0 25-0.33 percent
The rate at which a flaw wit grow utlt re taches a enitreat ria m 01-03 ecn
crack site in astructare caninea rather clusive value Crack Ion 0 05 percent mtax
growthistesfor wrought roductsdepend on themagnitude Silicon 0 10 percenit man
(max stress) of the applierd stress, trio ratio of minimum to Aloortism Bhalance
maxnimum stress (xtrers ratio). nd the envronmnrct Utimate stentyedsrghadfacueogns
(humidity and temoperature). The ordering of toads or tort il trarrndfacuebnlns
spectrum effcts% are alti important is relating ti it ~ sloes were reported by the suppler to be 60 ESI. 55 KSI.thtreatallf ie f a copn . nd 30-33 KSI Vfinch (413 7 MiPa 379 2 Nitaand 33 0-crack growthb specimensoteata if facmoet 363 IsI1a rm) respectisly. Crack growth tests were
Irei genoric standardt fir crack growth telstin mtals at acrac tsAP~ tnadC67
constant amplitudeiscortanin ASTI C4?. Although codcc 1acodnewt5S I tnadE67
castiogs% are sot affected by speie -Steataard tinStthod for Constant.Load-Amplitade Fatigue
estabtishoart of valid data is dub cult dur to their CakGoi ae bs 0bt/yl" pems
intermittent growth characerrstics as will be discuser hoter. were pre-crneled nd tested on, a 2$ kip (1112 EN)

etectrohrirlratlic fatigue machrot. Crack length wal
While the abroveeffects arcevery coore. overall It appears mcasu red OpticalIYoUsing atravelling meroscope. An Ratio
thtntho crackhgroth raeosfor catIngconpar faorary of 0.1 was applied sinutodally at 23 Ie. All tests wore
uiths the crack growth rates for %mought products In fact condlucted at roam temperature in lab air.
sosnedata sucliasthose shcown in Figure 6.2 indicate ttiatthe Tcon mo~ow ehdwsc)tcltrti
pebcatit'3 for superior crack growth dlurarc for ,.t versus ' data to valoos of 'da/dn' versust AK'I A
Castings smay exist 3 In this study several samples sf9a cast corspatrrosoldatarn Figure S.withsimrilatdata trootbtfL
alumium sioroncot exhibited] riger specttvm fatigue IIDIIE.SD on2124,7T851 wrought plate 2rcb (SO 8mm)
tires than either the mechanircally fastened or adhesiely - nh(2 m hc~niae htwti h ~st
bonded components, Unfotunately, tin scalter tin he - intch ( 2 54 m) thick idcto% 254~ii the lu mmcyle
causti ata was% such that irrinelsmples ato exhibited rho 0 nt/yi 2 0- o24X1" mccc
sbortest lives. Consequently. the desiguer cnstpsoty range, froth mtIalMs bove oirmtar~ Crack growth rtes.

rely o rh Idgt sos, ery ind a orsent lyow During tesisgi it was nored that the fatigue crack followed a
about tin effect of casting discontinuities on crack growt apprentlyrotrobto. to srgoi atiuethcrac sgrot
rate.htir"oknwnuhetht tringroth ratewill IMCaa roappael totnA2test iti gins

t 
ftige rack inthit

it goen through an area of high poraulty as the ssall void, teststosce ii A201o.7i t srosrs nest
link up (tar n a ruit of perforated paper) lit whether eacht maueellsent
void roll towi to act asa crack stopper. temporarily atoning
the ptogresvs of rho crack. Uwng typical crack gnrtih 6.4.1.2 A3f57-6
specrmens doetpe for wrought produacts as shown in Speontens frosimnlar step block casting' of A357-T6
Figure 6.3. insestigatoirs have bail problems urid from Iw" different predators were alrs tested. Specimen
tntermitet growth rates. t-mnochirg, anW uneven crack coubiguratsonstesresfirit ntam "tog procetlvireswsrc
fronts with castings. 'Ibis dillicnty bus also bees tin same as for rho A201-T7 alloy Alloy ciemtty was



ISO

waithin the follawangtanitseseept faelomsilicoartpecn ptatewhiul,in tarn, had bettercrack grnthhehasiour than
9lCGt aay ofthe 7000 seesalto)swhNch they testednle basis fot

Silicon 6.5-1.5 percent these fiadingsare shoainFguret.t3.afatraely. from
htagtesrnu 03$-GS pececa a castin standpoint 5109 also concluded that the residedlNlagesim, ,5$-.65perent strength of the A357,usna centre crack~ed platte.wsc tanetfruit OZ20percentrnMv thaanyr thewoght podut.1bs onclsionased on

Ttanium 0 10-0 20 percent ftduaain Figure 6i 14 is sonsenhat reflected an the factu re
Bery)lium 0 04-0 07 percenit taughttrusdt~aa reported tn Section 6 $St of this report
Zunc 0 l0percent max
Copper 0.20 percent mass
Mdanganese Ol10percent max 641.3 jiil1-di'
Aluminium lialance M 6AI-4y is the mast sudety produced titanium alloy in

bath the wraught and cost farm. As stith sruecght
The, results from thrme spccmocns front producer BI castings aluminim, wought titanium benefits from subsequent
areh. sto .at Figure 6 6. Specimen 36CO1$ rm es aac ehnclntig shih alssmcntcua
front the others at lam Ks. At a stress ttmoly 01 configurations not possile naith the cast part. Without
approsinately 11 KSI /Oinl13.3N1Pa,1;;)axidabDsr~aJIOf additinalprocessing, thedifemenccs between castings and
the producer 11 enutisume the samneform, the onought product sham np primanily in reduced high
Theccuk arrest databasd onpcducerA csingeeMended cyclcfatigne (ot crack initiation resistance) for the castings,
serneohat greaterescatterus shaonirkFigre 6.7.AtowA K Iloussr titanium castings appear to be more amenahie
valuer specuien 69CGl htad the least crock. g1on1h than aluminium Ia sanations tn thetmal pracessigand the
rcostan.:e sll spectmen 07CG1 had the mast crack benefits Of hot Iotati pressng (lltP) ta the point %here
grosuh reststaaice. The lowlcont spectmen 9iCcjI was in titanium alloy casting, cans be produced uith propertes
line oath the odcr producereAplos o hicit can be compatired to the onought product.

The Boeing company bas darne Appirestahil crack grauth ittctalhirgrically this conapaeahity is due to a phaie
resting of A-357 specimens ftamseserail Larg esgeimeritat transfarmsation m titanium from alpha to nlphatheta at
cast bulkheads far the YC-14 aircraft These bulkheads temperatures nell belom the solidification temperature
%en:eproduced hytmadilfercit fonndnmOThsetestsscre (lbeet tramus temperature), Tee cost beta structure i
canducedn&ninnlarconditionsastheprrionsyshoun tansformed into an alpha colony plate structure ohich is
AbWALtcatsescipt thattlhMntrsratiOttseasf) 06 rather much the same as the beta annealed structure tn ssreoght
than 0 li.S11V test data is sommaneed in Fgure 6 8 . \uhch titanium products. lir results an tmproved creep and
alan shons upper and loer bound$ of similar data from fraeture resistance silhout a lass infatigue crack groth
spataety cast test hars, Of alt the specimens cat from the Tee maajortbenefit of the IIIP procssis sto improsei;the high

helkocads. fast ot these specrimn conlohoted to the cycle fatigue strength of castings through pare ctosure
nsatntyofthecalttershoutntFgurefl &Figurefl9shoan Teesebighecycle fatigue beeelitsamesaoaa in Chapter 3 in
these same ctack grooit darn ath these four spcometts% this handbook. Tee Oserall crack geouth chatacresns
eluded. Boceing's esaiiaion of these lone slreemens wich are telrisy naffeetrd by oere satrations In

imlianrecd a slight tncease in mierraetkage compared to euerotmciumrothelltllpraeeasareshounia Figure hI15
th-cne",While the benefitt of soda improvement practices are nel

'sdditoat tests on Bemg bhebad castings note doerumenteu in the lileralore and are standard practice at
condtucteiniat AFWVAL at a ses ratio of It - 0.20andl sety seseral foundoens. they are not yet coseed by eccogmies
carefully conatrolled conditions of S percent dry wntt S Thse dustr) orgovetnmet pocssngutanadrds
slats are shino in ligate 6.10. lielalirely little scalter is
noed ina these data and tfsat paccent is ma the ight or stoner 65 CBITICuI,[%v SIZE
crack grorth side of the curte Critical flam sire is the stre at which growang cranks ori]
Foltoning the success of t Boein~g CAST prinrgammec.ant tstnPagattn anonstahte mnaadcausethe specimnor
effortt was initiated to desrrbedd and tetnseietl csmponent to fad.lTre critical 1am sire is a furerinon ol the
seical tail for the F-1h aircraft.t Tee preornaty, tein fracture tooghaess (K,,) as %ell as applied stersm Fracture
was based largely on the CAST gtagtamcaei data. toughnecss Is particstarly timportant to foundries producing
Vertificatima of the design includesd the crac grantS castings becuse, for damage Critical applieations. tbe
evatuatooa spscinsens aubseuendty cxtracted front the cast oundnes nail hase to guarantee castings to meet roughness

tadsrucoee~besdatarcltnwta~gunsfl I adfl12 reqitrements in the samte way that tensile values are cow
The data inctuder] three different 'R' raino and tusi guaranteed Tee: guaranteed salues may tot ticossantybe
humiditycoaima ~freeinacrack grosth rated"eto included lindustry spcficarionsbt theyrmust be agrecd-
sttcauratio anduthuudltywlulcevident, donot appear lobe upoin values negotiated orth the customser Thes are the
any Less or more scrr thus obsersed far wrough% values thedresigrer writ atemi his design dobuinuy the
stumiur prodlucts. application wall tte reach its desired lifetimte if these

gtirantcecisauestetrttaet Aqtpicatlfraicture toughnes
CastA3S

7
.Tflwasiuc dinanovalmestigatootbet specomen s sthowsn in Figure: 6.4 and the appropriate test

fracture properties of a number of w rought alto) including mnetlreds are, fully descabe in ASTNI El1399.
21r24.T351.7473*T27351. 70505136. 7415'T76. 707$-Tb. Unotrtepadrtottaatlesdta ctig
7075-TVSS.7171-T65a1a6061-T651!Tertprogrme the tietness of this specimaen may base to esceed the
conducted by 50110 UT Breemen. reported data on A-3$7 secion thickntess asaitabte front typical aerospace casrirga
which comipared usett oath the Boeing am] ATWAI. data Consequenttly, approptiate test areas or proliiigarns nay
poriousty dirsussedt. In the NIlD report the A-357 had have lo be designed into a port. In sione cases other tests
really thetaoae3lrac roth characteristics us 202d-T351 such a ti-curse and J-inlegral evatnora (which are also



decnWedoASMtest ethods) may havtobe ngotiated these daarncompany rcs.Rcda weldng
aasubtiutc, and thickness effects are addressed. For a specimen

The alumnum industry has idenfied specific wruh thalrao(571 2Ki 1
4 

(37.9*2.2Mporan veag

alloys as the only ones on wshich fracture toughness vleo 44t2KIVa(79L22MaV

gua ant i he given.Theao sasaxefor sheamstn part 65.1.2 .4337-TO(BoeIng
sanlar tonon-paanedalloys; bt with tighterdxcemstry, None of the speciens extracted fronm the expenimental
Paeticularly on eleeents soinch lone been shows n tn hebukhead produced duting the CAST programme at Bo eorg
fracture touglhess cencal For example. Fe and Si are exiie valid K, nunshers.' They did ohtai Kovalues on
lnoered in esodfyinglO075 and 2024 to produce, 7175 and A-337 ranging from 13 9 KSI 4i0 (15 3 MPa Vro) to 14 4
2124 respectively Feactr toughness guaranteed alloy M s K Vin(268M.Pas~r)rshichareshousiaTablehlf Pre-
such as 7175 and 2124 ssill generally sel at a premiuma to design test data froes Boing on separately cast test plates
coer these tighter chemistry controls and the expentse of are she-assirTablnO 19,l s n hins case, fur tests ind result in
qualifying fractar oughness tests This apprach o valid K, numbherst
wsroughit alloys appeaes to be logical for casting alloys. The
ncsv AMdS specinfications (AIS 4241 and'AlsfS 4242) 65.1.3 A337.T6(G~enenfIDyrarnics)
incelude hoth trietalonxaphie controls and tighter chemistry Fracture toughness data freom the General Dynanics
than that specified fo Al357and A2Ol.The esigation for programme to fahricate and test an experimental F-16
these newalloys it 357land B1201. vertical talalan rflecttisdxfllenltyCTahle 620shou'sK,

The sitle-of-the-af in the developent of induay side values from A-357 specimens cat from this l strocture.
spectficatians and roetallographic controls for high While invalid hy AM i eteria, these numbers are all well
performance htaniumecastings is not as well developed astt ahove the value of 13 KSI Via (143 MPa Ves) shich wss~
to for the alamnmum prnduct. fosseer. the hasts for soch tahen from tho CAST programme and ased in the damage
quahly control does exist and the potentral payoff for such tolerat analysis nf the F-16 component.
xtaridandxiaon and the application of soch standards is
qnte high, In the roeantane, any fracture toughtness 6.5.1.4 A357-M6(Noirthrop)
gsarantees have heen the resslt of indisidual eegotiatians Another sosrceoffraeture toughnesdata onA35

7 
iuasthe

betwen the customoer and foundry Northrop programme to study processing effects cat A357
and A201 castingalloys IThceA357 data aeshown in Tahle

6.5.1 Praclare~oaghoess Data 6 21, Nocof these Nalues passred the ASMh cnleria
plane strain facture toughness data (14s) ors advanced
aluminiumn caxtings which meet ASMiI C-24 requirements 6.5.1.5 .4357-TfO(OiliData)
are exceesgy difficult to obtain. l7nt is largely de to Data wsere obtained from the Premixum Casting Divisin of
unequuglg isalcegvanous portions Ofthe crafrontard AL.COA. a producer of A357.t1 Wlo of theae fane tests
the aced (or a thicker specimen than is ustrallysavadlahle developed valid K, earoheesTheir data are showns iTahlc
fromr castings to eusorea3plane-gtrais condlition at the crack 6,22.
tip. To ensure this planec-strain condiin. ASI define
fracture tanghnexs values as *Koshch bcome vatl % Mart N1anetta Aerospace evaluated A3S7-T6 for large
neurs, only after steing certain criteria speeied es dometer elbows castings an a space system. They used a

ASM E-399. Very fesv specimens tested in any of the seed-lrplical surface flaw xspecimen and obtained 4Q
referenced programanes met the ASTII validity values of 23 and 27 KMI Vn J25.3 and 29 7 trIPs 4m) on
requirreets.ThevadKas'stueforA357.T6 range fo parelt materal and 24 and 26 KSI Vin (26.4 and 28j6 IsIPa
16.0 to 19A4 KSI Vin (175 to 21.3 lslPa Vmnoars Vma n oeldrepaired test platesOThisis consistent ith the

typxeal values foe wsrought 2124-1851 plate ran from a lou peviously referenced Northrop data mtnch also included
of 17 KSI Vs (18.7 Wit~ Vet) in the short transserse wveld repaared iatertil and showedsno losof nthe weld
directio to values of 21 to 37 KSI Ves (23 1 to 4096 IIa
Ves) in the Iongitudul direction as shon in Table C.16. 6.5.1.6 .Sum-)sr qfA337.l6K 0Dukta
Ohssansly,lhefracture tougnresa ofaluenuniumecastingsnIII An analyiisoftheA337.T6data from fouedilfereitsouces.
aced improseront to Ire fully cnpetrlrse with uroaght in~bles6.l~though622ishossteTahle623.Dtaot
productsain thc langitudinal and transversedirecina. all ticknesecntsolidated. Ofthee 4 vlucs. sixare

valid K,, values pee the AM~s E-399 re-quireent. The
The small amount of data that do exist on the fracture validity of these requirements for Ku, is evsdent tn that the
toughness ofhttanimcastings inicare: Kk tests on castings satancetoi the valid datais only afraction of that of the on.
roay he no more difficall to make than as the weought valid data. liven though the mecan of the valud data is fusser.
product. flowever. due to the wide varlattons is thermal an estanted destgn value at two standard desiicat$s belosw
processtng that arc avadable foe both the wroughxt and cast the mean would actually be hrghecr than if the ttots-akd 4Q
materials. realitic comeparisons between t thewo forms dat acconsidered].
shouhibeamade swithtcaution,

6.5.1.1 A201-7 6.5.1.7 71&11f4VI
The ottimpdat on cp ockA20-77 a~tnp lmlhble 624 shuns typical fracture toughes data ont

shontinTahie 6I1.All the values %trovalidN,, valumsAs frostssevriallsuuaelletiimoatingstat Oftc alal

these values ranged from 23.2 to 33.2 KSI Mo (25.5 to 36.5 fromtevac suce p her tiel th ss mO tesetia,

MxP* Vm it appears that the A201-77 alloy trill hasc noneksvwere valid e AM fse c arnessheotiASL No

superiorfractrre touthascomaegredtotheA3StT6 alloy. valaldata were data eot matertal which bad been suibject to

Stress Aluminum Ltd has done appreciable evalation of nsoncommercial proprietary thermtal proceusno~t These
the A201 alloy in bos the 76 &MdT7 conditios flout of vahid Kk values (wrch srecanot show-sntrlhlc6 24) ranged



from S3 2 KS! Via (58.S MPa 
1
m to 73 6 KSI Vain (80 9 This effort semlindicate tha simr prOere Mght beMkPa sljjl %hief are typical of trasne and longitudinal developed for on industry "dle speeil for titaniumKk, values for STA titaniurm plate. Had larger specimens castings,

been used orr rho convovrialy processed ond 111fedcastingi it cr probably be assumed that saturn would foil 6.7 DESIGN ALLOWABLESbetoeeo those shoown as Ko umrbers in Table 6.24 aod rho Design aoasbles for ilitory and etushan aircraftproprietary procenoed moatral. ceg. 70-901(51 n b (77- Oanufoaared in rho US are contawed in MflWID3K-S99 MP m).Suchassmed vaesmtypicalfor 6AIlV ohict baa heno maaintoined and upated conivioosls sincetrighanraled material3A 1. A allowable,;i MfIIIDBKS represet

amont f vli frctue oogases al~o T cstrgo crpectiedlodoqalorroed ith aconidce ofi percentamont f vlidfratur toghnss ataon , cstigs as '8allsuabl. represeel go percent exorcse at a
titanium and enot due to diffimlrres in the prr-ccong liecl briit of 95 percent Cometoo pracice ts to
Proes as thns been the ease with alunim castigs. This reur- loals f r imr load psath strocture. losame Yo/yield sitrengt problem aros doring the tastal Oedn1rer clrosatistical reliability of thie valurn from ooodevlopentof k dta n'w&&T plte nd pecme falt Of esaleia to aniother, yltl-!IDBK-5 rs'qures, amongasevr~laset of(7 K2 data wre esagry t otaienaid atar Other things, the exstnce of art industry wide approved
err re-cryslalhozed amrealed material. It batb s tiae specification to ensure that future producton wisll hotbat 2' thicki spedmoe beel e enn stiated consstret wihthatmatral froosuc trheallowsablenneredata fo os f, heeat alerial hsted in table 624, deseloped tn additioo at lease 1 lots of rutertal and t00Ilicul,1c aawleon vial ntecrftr specurew are required, Using these criteria. iermusto xpe~tetheappicaionofa dmag toran anlyss oattemptsbhave beenomade to develop aloabhes for castigs,Mtns.t Ihopt~sno aag oeatO~y o n the pant those efforts bad heen unocessful doe to theflarigswidevaiaioni propeties ht an bobtmcd both wihi
66 METALLOGlRAPlICCOsmous 3aStmgarndfrooas n defeseigtoanother.Ataemlt

Iti&co~oobseat~oth~tfmcficromctuemU eacht Casting bad ito este statistical IsroPulatmangroup with aitmptov emmone poertieon that arlier coslyremreoyel rather tusse spred. The computed altoonhtrs ot only
tmps rbtaitn proplert sctu llreiia comminl espalyed fatted to meet the MIL-IMMstK5 WA and -Ig ullossblesto otoa a ine Iluctue i coes]easing eat W~le i ruaremenm for a stogle population group, bet it all Ltl
!fie4r teureis dsibefru'ttono'm a tersile properly veregrmped~trhrmlantlaloeabls unuld basebrentlo
isecti~ tt m sficrtuts tom aereseteyn or o lesto be usefut. esent though most of the castong strengths

trltnpig were quite high. The AhfS specifications previouslyA maJor step in this dhrection wsas wiorki at ALCOAO, referenced (AMS 4241 and AMS 424f2) wuere developed to
relatoe dbytarm spbacingmi drinng the tensrora ie control the eUtforritly Of the east Product and may beoa
relate delts ao ate expelmnitol the trsl ratruht he allowahles probleim. They controlilbecahim. l~su~r fromUthe eusnrleli ed tino ufrmt thog Is'igher contros onr cheistlryand the rLuethe CAST programmne resulted to the allowahles shownr in of tMetalogephy g.,ga ico edii pcnTable~~ ~~ 6 S" otos h melallogreophic limitations relate toStore then, Northrop bat also showns th.at tighter comrolson solidaigon rate wshich ituern relate to tensile prop-ertiessoundness, betr twatmcot and corposinn swill Using these oew specifications, a Prorere set of I' rod$si crl1y improv the consistency of the denidatic .rm Wtntlosnhivfor D357have beendeselcped andare be.sp0cin to tensile Property relationsip.9 igure 6 26 shows coDSidered for publiton in M1IAIDII.5, I lossesr, thesoms:of the Nortrbop results, use of these erw spreifications and alloseables are emtSubsoiuctity, Boeng ha repored tht cc ithout addtiial effor unugrstrranding nd cst w ibe patSubsquntly Coeinbtpted that sl c elgil t ire of the of both the foundry and user. This is bemause appropiate
anicroutue moes srel iharlttel aeratio Merall3ogeaphie limitations foe critical areas in the eatingand prouty ma bea ore eliale llfga 'ne ipilty' mane be established and each productat. easting must becontrol tool thaa dendo rieom spacing 31ooM Cell timne ou'seslinctisely Isetd t nue to hmeasurement rmy also be more amenitat to autonatmd miceosteeur co efo ed to these r mt tr at h
tc:nqcOtcTdk~g~d maundc n'ccnom ihte mttos
arm tpanp . ATN APR

As pestousy tosemecanial ropetie aprWilling Per fanry years castings base not beers assoctated wsith thethos (fo suuht Products can he obtained on a cat qkaliy 1 levlad ceOtistefey' of produce eccessary forstscrare. bue aol 07 a consstte basis. The propose titteal aircraft comoents, As a result, beth cvlian andmctaloPZMPhi enreuls ahould result in mane consistent Wiitary authontie base implemented sornbt i arbitraryineallqraphiestrcluransttatcpreesaloghthy casting factors to increase the margin of safety for castingsmay "oI acnccsay increse the nimauu strength level. over that requiresd foehr pod s-enI~s. Unsuccessful effort,While t effect meraltogaptde controls will have on to develop design allostates on castings bave. unttl neowfratoeugOUhaeaieas uone, rc 5qm that still increase relmluc this ir-certsiaeney and verified the use of sachproduce uniformeity should alto increase the couistecyqin factors.
fracture toughness Spedickation ARkP*194lha, brett
publishedf to Provide A rocedure foe dendrite aim spacing No civilian al irc athe Uintcd Stales, these factors areeasusoet control of high strength A357 aircraft sp1etliW in resterol Aeroautics Rtegutationt (PAR) 2S,structural Casrigt ThsMuaias att 15 20sl'eeshog On varios degirees of inspection to swhich theSoeta iuaefforthIt" been 0sdaetedoTf AlI4 casting I$usubiemee and to tbeecrticality of Ut.The US Air

Meatig alphapalel th ck manicl MPC-~i Pwace Mcipures a mUrging of safcty of .33 (133 in PAA
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termsinotogy) on specified in MIL-A-0118$60A. The US RlkhedC:. AFWAL-TR-W0-21 Part I1. April
Nasyrcquians no Oasing factor as long as the castings are 19M0
procured under NtLA21180 MILA-2lI80cenrrsA357. 6 Tfepak.JD
A201 and several other altminana t alloyS Thi 'TheVariabilityofangne Crack Grosth Lifeof Cost
specification does not inctude rnetallographie controls. Alunuma Alloy A3574T6. as APWAL-TR-f8-
During the last decade the state-of-the-at far premium 41 IS.
qualaty casting has rapidly advncrd, Several thosnrt 7. 'Cast Alamnuman Pnnsaty Aircraft Stricture.
castings are comomonly used in ech ainrcraft. I ocever. nsth APRVAL-TR-84-4070 Vol, I nd 1I. Septemrts
very friw inceptions none of these castings ore used in 1985.
primary lad carrying structures Thtose that are uted in 8. Schonetnana Luder
non-pnnsaty laded structues areoalmost atnnysvtflrssor Coespantoa of, Atunusm Alloys Concerntg
tttduhint-ccij rather than lad-crntical. Thin is brecanse Strength and Damage loterance'. UT-Il 1/85.
the implnyttation of a casting factor snmply malers the Report TR 374/0723/85. irIBR-IJT Brenmen. Ang

cotigtoacesettmeiatenghcitclnphaanIn 1985.
the past. use of these casting factors has been justiflied 9, DOsalt KI
Iloveser. %ith the mpuaity lesel availabte today, casting 'Moinsfactang Methods for Process Effects n
foctors becoese redundamtt if staistically denivod design Alunminam Costing Atlosbale,% ArWAL-IR-84-
allosvahteova~citahlnadifthemaenalisohtaioodundr dl 17.Mach 1995
a spocticaion ohichi cahodic. effectmiveesetallographic. 10, Ilmhler and Lesmpp
hrat-tearent, chemistry and NDI conttols. The *Snnsesay of Practure Tougghness Data-
elimination of a casting factor noll not be casily (ALUSUISSE Test Report 16/83 in Gcron) an
accomplished. Difflerent controlling anthonties %ill 1985.
undoubtedly hase different criteria far apjrosing nor
factor use or acceptance. Generally, honevr. int msl, fitot IL. 'Cas Atnonnoe Structures Trechnology (CAWi).
require the deselopmsent of A and IB desgn allovahtes on a Quarterly Test Report D189-20159-t. Aprd-June
givenrcastnlloy Unil recently this had not been pmsohtnas 1977.and DIS0-20159-7,Jonaty-March 1978,
dixnseminaSwitmo6,7 Onceallonnllesate developed. thr 12 WMcharmcaI Propeties. Fracture Choaracteritics and
second step %ill he the inspleacomation otf foundry lesct Fatigue Tests of Premimsiaes-Enocred Casting
control of the ntct.ilngraphtc stescturr of eachcastsg.The Alloys". ALCOA preesium Casting DIV Dept NO
fitst prodution casting %ill hase to bo cut op to establish a Date.
tesirle ntrenglh-esrtnllograptde acceptancee cniterion Each 13, MistaMNS, Lci.1cshesssl.iSD, I itsadD
subseqpnt production casting nilt hase to be -Practurc Tonghiness Fvtluamon of Preemnm Qality
esctallogrnphrcally examsinedi to ensure continaitg q~tality N3574T6 Castings". Mastin Marietta Aerospace Test
Prolongations on each cating to further canonfii brat- Report.NoDate.
treatmeont response mill also be required. 14, Rylon D. Procs PI., Gardiner RW
Requireesfor ctg fattoesin countriesotuddethr US 'Developeos in Titaniums Alloy Casting
tony saryIn Great ritain the remqiremenus are includedt tn Techniotogy'. Journal of Nileals, Vol 35. No2, Pets
strious sections of De=c Standard 00-979. In essnce 1983,
this tandard requires the ate of a casting factor 'only for IS Sollese SMI. Sesichtcy R). Dard LE
flight crtnlstuctures shere A and BI alloonoles are eat -Pocdn% it nentoa ofrneo
available. Under salt conditons. a factor of 16 is requied Poedns ilhIrtroa ofrneo
for atatnin' in sand entg.In West Gerosany. a casung TttanmnsVol I.Sep 1994
factor of 133 is specifiedn for iitary. and 125 for civilian I6& lkscrXJ
aircraft *Esaation of i 6AI.4V ELI losestesea Castng",

Macoin lnaritia Aerospace. Nicmhond Dinisioan, Test

6.9 REFERENCES Report ETTRI 32.Dc1982
L 'USAF Dansage Tolerant Design Iloardiook. 17. SigneWA

Guiddlases for Analysis and Design Damage Tolerant "I'rnprthes of 01-9A1-4V Titanoes Alloy Roesed
Aircraft Stesetarn". AFWAL.TR'82'3073. May Graphitle aslasga'. Mattn Ma1netla Aerospac.
1984. Nhhchood DinsonTest Report ETTR.95. Sep 1982

2. *DaeogeTolerant Dsignllandboot A Compilation I0. Spear RE. Garidnt R
of Practare and CracI. Gtouth Data for Ihli Strength *Dcodtt Cell Sire Tranicao of the Amertcan
Alloyi!'.,1CIC'I1t GIR.Uceeshr 1984. Poundryicens Society, Vol.7l. 1963.pp 209-215

3. Garver WR. Lee DY, Koepsq KNI 19. FabcrJW
'Initial Qoualy of Advancel Joining Concepts *Cast Alumtinums Sttuctures Techology (CAST)
APWAL-IR.0d'3966, DeccNsr 194 Technology Transfer QPlas VI) Suatray Technical

Tf Rcpont,AFWAL.TR-S0.3020.Apn 1980.
lipalJ1 20 MctLettond DL, Tuttle NINIh
-Cnstant'Lcod'Amphitude Patigue Crack Grooth 'Manafacturang Nirliodology Itoproseesert for
Testing of Cast Alnesinie Alloys A2014T7 nd AlumnumeCasingDuctily% AFliVALTR.02.4135.
A357.T6".APWALTR*03.4996.Jaly 1985. Decmber 1982.

S. Gundher CR
-Cast Alumsinumt Structute Techanooy (CAMt 21. 'Mectallic Mlatenials and Eleensoa Aerospace
Structual TotI and. rnlnatran (Phase V) Part H. Vehicle; Strtcture. MIIL'IID3K*3D. Naval

Fatgue and Fracture Properties of Cant Alumtinaum Puhlications and FormnsCenter, June 1983.
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2024-T351 -
plate

2024-T351
extrusion

7050-T7365) -a m
plate

7050-T73652
forcing

A357-T6
casting

0 20 40 60 80

x1000 cycles

Initial Crack Length 2a (1/3 width)

0.196 (5 rr)

0.394 (10 rr.)

0.787 (20 rr)

F613 Influenceeotpoduct lormcn ,ac6 grovh kfe o1A357 caswt (8)
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Table 616
Typi~cal vaies of room temperatoe plae-strain fractura 1006510 of aiumwlom aboys

21 25 5M 2. 25- .i .552 522.

.11. 1 * ..5 201 !1. 2552 551 1 2 1

5525 a,. 55 225~* 5* 55l 5s* 5..5..22. 55. 525 Ls 55 -. 5.

5.225.522~ ~ 5554. .5 2.5.. 55 *5 - 52 52. .5 5



Table 6 17

Yield Fracture Reason Producing
Spec)mn Strength Toughness Not Vahd Foundry

(KS) (KS14I)

128P 63.2 23.2 Valid KIC Producer C

128A 59.4 24.9 Valid KIC Producer C

S/K 20 54.8 33.2 Valid KIC Producer 0

S/N 30-1 60.1 30.7 Valid KIC Producer 0

S/t 32-1 59.2 32.8 Valid KIC Prooucer D

Standard Deviation 4.62
Hear, 28.96
Variance 17.08

Fracture toeghessresultson 0 8"wide specwr froeeast estbtocls A201-T7. Northropdata (9)

Yield Fracture Reason Producing
Specimn Strength Toughness Not Valid Foundry

mpa HP a -

12P 441 25.5 Valid K Producer C

128A 415 27.4 Valid KC Producer C

S/ft 20 383 36.5 Valid KIC Producer I

S/N 30-1 420 33.7 Valid KIC Producer 0

S/N 32-1 414 36.0 Valid KIC Producer D

Average 414 32.9

Standard Deviatlon 5.08
Hear 31.83
Variance 18.77

Fracture toughness reoets on 20 32 rt wide specrnens from cast test bocks of A201-T7 Northrop daa (9)
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f Tale 6 20

No. 8 W A P ?, KIc Error
(IN) (IN.)IN) -(L) KSI( N)

-2 0.295 1.995 0.987 10104 23.1 No AS

-5 0.154 1.999 1.011 57JJD 25.8 No AS

-7 0.293 2.003 0.953 105O9E 22.7 No AS

-t 0.248 2.002 0.921 120 30.1 No AS

Fracture oughness reslts on 2 wide specneas extracted from F-16 venc ta castnrg A357-T6, General Dyaamcs
program (7)

No. B W A P EK KIC Lrror

yx, (MV,' ) P i NJ. (Mpa --1Fl)

-2 7.49 50.67 25.07 4493 25.4 No AS

-5 3.91 50.77 25.68 2505 28.4 No AS

-7 7.44 50.88 24.21 46-71 24.9 No AS

-10 6.30 50.85 23.30 5471 33.1 No AS

Error Codes:

A - Insufficient thickness

B - Hax
1
Q Exceeds 1.1, RSC is given

C - Mininom Surface Crack Length Is less than 90 percent.

D - Crack Curvance Is greater than 5 percent.

Yield Stress giver, as 36.000 KSI (248.22 IPa).

FIacure tWoVst resuts on 50 8 mm wide specaens extacted from F-16 verca tsl cast vg A357.T6. General
ogmeanc, program. (7)
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Table 6 21

Fracture "ghns results on 0 W" wtdpecenenO from cast test block of A357-T6. Northop datl (9)

Yield fracture Reasol'
Specimen Strength Toughness Not Valid Remarks(KSI) (KSI 1-1)

9193-1 46.1 25.4 b Foundry A

9193-4 46.0 26.6 c, d Foundry A

2237-3-7 44.1 26.7 a, b, c, d Foundry B

224d-2-8 45.2 25.7 a, c, d Foundry B

2258-4-9 44.1 26.4 a, b, c, d Foundry B

Average 26.1

Yield f ractu re Rea so n

Specimen Strenh ou hness Not Valid Retras(M~a (MPa /

9193-1 318 27.9 b Foundry A

9193-4 317 29.2 C, d Foundry A

2237-3-7 304 29.3 a, b, c, d Foundry B

2244.2-8 312 28.2 a, c, d Foundry B

2258-4-9 301 29.0 a, b, c, d Foundry B

Average 28.7

a - Crack length 0.55 W

b - Crack length at surface I is less than 85 percent of average
crack length

c , Crack length at surface 2 Is less than 85 percent of average
crack length

d - Thickness is less than 2.5 2
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Table 6 22

Grain Yield no nal Crack KQ
Orien- Strength,* Thickness, Width, Length Lead ki y Valid
tation KS 1N 8 IN W 'I KS

LI 43.2 0.75 1.50 0.73 1.93 2.00 19.3 Yes

LT 43.2 0.75 1.50 0.78 1.88 1.92 23.0 Yes

IL 43.3 0.75 1.50 0.74 1.90 1.98 19.6 No*

IL 43.3 0.75 1.50 0.68 1.82 1.93 16.8 No*

Fatigue cracked not extended far enough from rachined notch.

Fracture toughness reSutS on 3/4' we spee nens from cast A357.T6 alcy stabs. ALCOA repot (12)

Grain Yield tominal Crack Ke
Orien- Strength, Thickness, Width, Length Load VN Y. Validi
tation tPa nss8 eeWC Ap 0 I I V'x 

5
KlC

LT 302 19.0S 38.1 18.54 8.58 8.90 21.21 Yes

LI 302 19.05 38.1 19.81 8.36 8.54 23.08 Yes

TL 302 19.05 38.1 18.8D 8.45 8.81 21.54 No.

TL 392 19.05 39.1 17.27 8.10 8.58 18.46 No'

Fractu tghnss resufts on 19 05 "t wiode specinens from cart A357.T6 aloy stabs. ALCOA report (12)

Tabe 6 23

hon Valid Valid

Data Points 36 6

Standard Deviation 4.10 KSI -/in (4.51 HPa -/- 1.71 KS! -1r1 (1.90 ,Pa -1E)

Mean 21.39 KSI -iM (23.51 HPa -r') 18.42 KSI -Mn (20.24 MPa -Vo

Variance 16.81 KSI -VT
8 

(18.47 hPa -ro) 2.92 KSI -,M (3.21 HPa -4.)

Analy/stonmeary o K0 data on A357.T6 casusng$ from a Sources, al thicknesses



174

Coc CO C CoO

CD w c

~~~C" F 4 C C4 C

Co C4 C

0C

- Q !C N C C V W

CRK . - =a=

c 0 > C



75

Table 6 25

Tensn allwables from Boevn Cast program (20)

Speciren Soundness Grade
Specirer OAS Property (AST_ _ E-155)
Range

A B

Up to Ftv XS] 45.90 44.30 43.60
.0012 Fty XS] 36.50 36.50 36.50

e % 1.80 1.00 1.00

.0013 to Ftu US! 44.20 42.90 42.10

.0018 in Fty xS1 36.90 36.50 36.50
e % 1.30 .60 1.60

.0019 to Ft)' KSi 42.90 42.50 40.80

.0024 in Fty KSI 36.00 36.50 36.50
e % .80 .50 .50

.0025 to Ftu KSI 4?.30 40.90 40.10

.0030 ir Fty KSI 36.J0 36.60 36.50
e x .60 .40 .40

SSpeien Soundness Graoe
Specen OAS Property (ASOM E-155)
Range

A C

Up to Ftu UIP4 316.48 305.45 43.60
.0305 m Fty MP4 251.67 251.67 36.50

e . 1.80 1.00 1.00

.0306 to Ftu 8P4 304.76 295.80 42.10

.0457 rr Fty 6Pa 251.67 251.67 36.50
e . 1.30 .60 1.00

.0458 to Fy HPa 295.80 286.14 40.80

.0610 cr. Fty MPa 251.67 251.67 36.50
e % .80 .50 .50

.0611 to Ftu tiPa 291.66 28?.01 40.10

.0762 ur Fty KPa 251.67 251.67 36.50
e % .60 .40 .40
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Appendix
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1.AFWALMLSB 10,ltsc~kldatislo 19. Precisiont Cast Pan$ (PCC)Att.C.jlamsnott 'Att,Ff.alulegftr AtL.1hoaeWight PatemsnAFtj 8701 Harriet Avsoosh 4600SE flaanneyDsivnOl1c,45433 Mineaposs, MN 35420-2787 Portlansd OR 97206-0898United States United States United States
2 ALCOA 11. flonsel-Weeke 2M PectisteyPremium anstfogsDivsion ArttDr Betz Att.ClsrauvelAtt.M R.Dunke S778IMescltedc i D~patement Alumliiu Sital1470 Boston Street Germany Dieectiont des TecssologsesCorna CA 91720 deMoslageUnited state$ 12. Ilnsssaet Tsrblne Conmponents ALO VA, 1307

Corp. 38240 Voreppe3. going Comepany/ Att.G.Askew FrancehfiltsayAttplane Coss, l6OOSouthsWatneRad
AttD3L.cLejhan Whtehlsl.MchIMst49401 21. Progress Casting GroupMAiIStaP4S.11 UnitedStates Att. D E LtlcoP0.Boxts3707 

VR.EegineeesngSeattle. Washinton 98124 13. Avery Keateycosi Co. 1457 MlanslallAve,UnitedStaten 2
206 Liaden St.pislMl4S5lO4

ValpaenssoINsiO3S3 UnitedStates4. Ccost Oebil uted StatesAtt.Gbidef 
22. TITALFostacs 24 14. Laurier Fonderie Att.DrCrLieesner4

7
0OSmea Att.Jebordt Postfach 280West Geteany 1 2

.routcenStlean 3
7
80l MSe s3

8
38

0llougoin-nitses West GermanyS. Cecast Inc. France
Att S.Krencneatcht 23. TiTesit. Inteettsonal lee.3905 Industrial B3. IS. M119,Trtassot. Att. IIA.WilhanusMontea Norst und Veelkefiestllaeuge P0. Ba 3060l'Q.li22Z2 Att.D.Mlicteadt.TpJ51 4000 West Valley BounlevaedCanada 1littlse -S P'omotna, IA 91769

P.O. lBox 107845 UnitedStaten6. Consoiated Aluminim orp 280Been IAttMMlAsdso,, Germany 24. Westlass feiope Ltd,
SI0AXeee Ot 70e Att.PR.Weddee
Uentle t0te 8 16. Messier Fndefie dAtsdy fleadofMaterials andUnsted StatesAtlaiapt Liistidllecsices,

64260Arndy Yo"l.Soinees7. Fokkser ISV. France United KingdomAtt.MO.T,II. l1sa
P0. IBox 7600 17 Montupet Fondetics
ll17IS(Ntphol Att.DeCi'IUtscnp
Netherlands Ilethiclese t evoppereent

8, eri Dyamcs orpraton 45, reeean de4aFbatnt~e
S.Oe.A ,ssansicsroepoeano Nosent.Sae.rse150ol00

AttI LabeenMZ 202 CIOBILCEDEX
Metallic Materiats and Processes France
P.O. liox 748
I'otWoMTtll76l01 IS Northrop Corp. Aircraft DmvUmfed States; Art. 3KJ.Ossssdd

Oer. 
3

872/62. Adv. Nik TceLr9. 1 faleylndtie Liite One Northrop AsoArte. I lJI'nfa t t I13tashoceCA 90250
1lalcYsOtttaioR0J IYO United States

Canada
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